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Abstract
Increase in emission regulations in the transport industry brings the need to have more efficient
engines. A path followed by the automobile industry is to downsize the size of the internal com-
bustion engine and increase the air density at the intake to keep the engine power when needed.
Typically a centrifugal compressor is used to force the air into the engine, it can be powered from
the engine shaft (superchargers) or extracting energy contained into the hot exhaust gases with a
turbine (turbochargers). The flow range of the compressor needs to match the one of the engine.
However compressors mass flow operating range is limited by choke on the high end and surge on
the low end.
In order to extend the operation at low mass flow rates, the use of passive devices for tur-
bocharger centrifugal compressors was explored since the late 80’s. Hence, casing treatments in-
cluding flow recirculation from the inducer part of the compressor have been shown to move the
surge limit to lower flows. Yet, the working mechanisms are still not well understood and thus, to
optimize the design of this by-pass system, it is necessary to determine the nature of the changes
induced by the device both on the dynamic stability of the pressure delivery and on the flow at the
inlet.
The compressor studied here features a self-recirculating casing treatment at the inlet. The
recirculation passage could be blocked to carry a direct comparison between the cases with and
without the flow feature. To grasp the effect on compressor stability, pressure measurements were
taken in the different constituting elements of the compressor. The study of the mean pressure
variations across the operating map showed that the tongue region is a limiting element. Dynamic
pressure measurements revealed that the instabilities generated near the inducer when the recir-
culation is blocked increase the overall instability levels at the compressor outlet and propagating
pressure waves starting at the tongue occurred, different in nature from rotating stall.
The flow velocity was also measured at the inlet of the compressor by means of planar PIV
measurements . The case without recirculation showed strong back flow occurrence at low MFR
on the shroud of the inlet passage due to tip recirculation. With recirculation, this back flow was
significantly reduced improving the overall stability. However, with the current recirculation chan-
nels design, there is an efficiency penalty and the recirculated flow introduces non-homogeneities
in the mixing region.
Finally, to explore experimentally the effect of variations of the casing treatment, several dif-
ferent designs were tested. It was seen that modifications of the supporting rib shape impacted
the efficiency. Also, improvements on the surge line were obtained with flow reinjection near the
inducer in the direction of the main flow at low speeds and with induced counter swirl for all speeds.
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Chapter 1
Introduction
1.1 Benefits of Turbochargers on Engine Performances and Emis-
sions
Increase in emission regulations in the transport industry (see figure 1.1) brings the need to pro-
duce more efficient vehicle with less emissions. To reduce emissions, lean combustion and exhaust
gas recirculation are used to decrease the combustion temperature. Another trend followed by
the automobile industry is to downsize the engine. However these technologies reduce the power
produced by the engine.
Figure 1.1: Comparison of global CO2 regulations for passenger vehicles, in terms of NEDC
gCO2/km (Source ICCT).
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In order to keep the mean effective pressure of the engine, it is necessary to increase the air
density of the cylinders intake using a compressor. It can be achieved by supercharging or tur-
bocharging the engine. In the case of supercharging, a compressor is directly powered by the engine
shaft. However it has disadvantages: power output is used to drive it and power is wasted in the
high pressure exhaust. Hence turbochargers, which consist of a compressor driven by a turbine
powered by the exhaust gas outflow, are more efficient as they extract energy that would otherwise
be ’wasted’. They also increase the energy to weight ratio as a smaller engine is required for the
same power output. Figure 1.2 shows typical gain on the torque that can be obtained when using
a turbocharger.
Figure 1.2: Effect of turbocharger implementation on engine performances.
Turbocharging has some drawbacks as well such as turbo lag and range limitations. Turbo lag
is the time required to change the power output in response to a throttle change, due to the fact
that the power is provided by the exhaust. Matching the compressor and the turbine together and
with the engine is also a challenge. The turbine has to extract enough energy without creating a
high back pressure for the engine with a rotational speed at which the compressor has an adequate
pressure ratio. Turbochargers are generally composed of a single stage turbine usually radial (axial
or mixed-flow turbine can be used for large turbochargers ie typically larger than 300 mm in
diameter) and of a single-stage centrifugal compressor [7]. The turbocharger in this study features
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Figure 1.3: Actual driving cycles and rated conditions on a turbocharger compressor.
a centrifugal compressor and a radial turbine.
Turbocharger compressors need to meet certain requirements: deliver the required boost pres-
sure, have a wide range of mass flow, be reliable and efficient. The range of operation is critical
since the compressor has to be able to operate from engine idle to max speed. The rated conditions
used to match the compressor for an engine correspond to its max speed when the mass flow and
the required boost pressure are the highest. However on an actual driving cycle, the engine mostly
operates at lower mass flow even sometimes past the surge line (see figure 1.3). For this reason, it
is of particular importance to understand the phenomena occurring at low mass flow to reduce or
suppress them and improve the compressor efficiency in this area of the map and increase its flow
range.
1.2 Components of a Centrifugal Compressor
Centrifugal compressors found in turbochargers are constituted of three components: an impeller, a
diffuser, and a collector. First the flow enters the impeller which accelerates the fluid by transferring
energy to the gas and turns it from axial to radial direction. After the impeller, the fluid has high
kinetic energy. Next the flow is decelerated in the diffuser using an increasing section area to
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convert part of the kinetic energy into potential energy (in the form of pressure). Finally the flow
has to be collected which is commonly achieved with a volute. When the flow is to be directed
to a second stage a return channel can be used. Often the volute is also designed to recover more
pressure and has to be adapted to the flow range going through the compressor. A high efficiency
volute with a short mass flow range is often traded-off for a volute with wide range of mass flow
with lower efficiency for turbocharger applications.
1.3 Compressor Performance Representation
The steady performances of a compressor are generally presented in the form of a compressor map
such as in figure 1.3. The map is constituted of speed lines which link the pressure rise (on the
y-axis) produced by the machine to the mass flow rate (on the x-axis) at a given rotational speed.
However, the performance of the compressor depends on the inlet state. In order to compare the
measurements done experimentally at different ambient conditions and numerical data, reference
values are used and some performance quantities are adimensionlized. On the y-axis it is common
to use the pressure ratio to represent the pressure rise of a given compressor. The pressure ratio
is the ratio of the pressure at the outlet (P2c) to the pressure at the inlet (P1c). For the inlet
pressure, the ambient pressure (P1c = Pamb) can be used or the total pressure measured at the
inlet to account for losses in the inlet pipe. The static pressure (subscript s) or the total pressure
(subscript t) at the outlet can be used in the calculation giving a total to static PR (PRt−s) or
total to total PR (PRt−t). It is an adimentional quantity.
PRt−t =
P2c t
P1c t
or PRt−s =
P2c s
P1c t
(1.1)
The mass flow rate is most often corrected to account for variation in the ambient conditions
using the following formula:
m˙corr = m˙real ×
√
T1c
Tref
P1c
Pref
(1.2)
where the subscript ref to a reference condition, again the conditions at the inlet can be taken
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equal to ambient conditions. In this work, Tref = 298K and Pref = 100kPa. The purpose of this
correction is to keep the Mach number at the compressor inlet the same. The corrected quantity
has the same units as the real quantity.
In a more general fashion, to compare the performances of different compressors with different
sizes at different rotating speeds, the following adimensionalized parameters can be used:
Flow coefficient: φ = m˙
ρ.ω.U2tip
Compressor pressure rise: ψ =
∆PS−T
ρ.U2tip
where m˙ is the mass flow rate, ρ the density, ω the rotational speed, Utip the speed of the blade tip,
and ∆PS−T the static to total pressure increase. For a given compressor, these parameters tend to
collapse all the speed lines on top of each other.
The compression is assumed to be adiabatic in the calculations as well as in the analyses of
the experimental data. The isentropic efficiency corresponds to the ratio of the enthalpy increase
from inlet to outlet if the compression process was isentropic to the real enthalpy increase through
the compressor. Similarly to the PR calculation, two different assumptions can be made for the
efficiency calculation: total-to-total and static-to-total, depending if the total or the static outlet
pressure and temperature are used. In a sense, the first approach assumes that the kinetic energy
after the compressor is accounted as useful, whereas the second approach assumes that it is lost.
ηis =
T1c
(
1− PR γ−1γ
)
1− T2cT1c
(1.3)
Commonly the efficiency is represented with line of iso-efficiency in the background of the PR versus
mass flow map.
If the mass flow range is typically not problematic for the turbines, the operating range of a
compressor on a map is bounded at high mass flow by choke, indicated by the stone wall, and
at low mass flow by the surge line. Choke occurs when the speed of sound is reached somewhere
in the flow path (usually in the impeller throat or vaned diffuser throat), causing a limitation on
the maximum flow that can go through the machine similarly to a choked convergent-divergent
device. The high speed flow also creates strong shock waves that dramatically reduce the efficiency.
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However, in general for turbocharger compressor maps, the choke line is defined as the mass flow
where the efficiency reaches 60% on the right hand side of the map [22] because it is assumed that
the compressor should not be used below that value.
When reducing the mass flow at constant rotational speed, below a threshold, the compressor
experiences instabilities because the fluid inertia becomes too small compared to the adverse pres-
sure gradient. As in many other fluid mechanic systems, adverse pressure gradients in compressors
can lead to instabilities with localized regions of recirculation. Moreover the flow patterns can sig-
nificantly change when the compressor experiences rotating stall or surge deteriorating significantly
its performance. Besides the loss of performance, rotating stall can increase fatigue on the blades
and surge can lead to rapid failure of the wheel. The surge limit indicates the mass flow below
which the operation of the compressor is considered too unstable to be operated. The detection,
prediction and prevention of these phenomena are obviously of great importance for their under-
standing in order to increase the range and improve the efficiency of compressors at low mass flow
rates.
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Chapter 2
Background
2.1 Types of Compressor Instabilities
As stated previously three main types of instabilities can occur in a compressor [74]: localized stall,
rotating stall and surge.
2.1.1 Stationary Stall
Stall can occur at any operating condition but is more likely at off design: near choke or the surge
line. It corresponds to a localized region of reversal flow. Stationary stall can be caused by high
incidence on the blades (illustration in Figure 2.1) or rapid flow turning (e.g. on the shroud side
for centrifugal compressors or in returning channels or piping) and is responsible for an increase
in instability levels, vibrations, and performance losses of the compressor. Centrifugal compressors
may operate with axisymmetric stall developing on the impeller blade tip or with stationary non-
axisymmetric stall produced by the volute design and the region of the tongue [21]. However, this
is generally acceptable because most of the pressure rise is produced by centrifugal effects, which
are present even with separated flow.
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Figure 2.1: Illustration of impeller stall [74].
2.1.2 Rotating Stall
Rotating stall, as defined by Greitzer in [35] for an axial compressor, corresponds to one or more
stall cells that rotate around the circumference of a compressor impeller or diffuser, although
the annulus averaged mass flow remains constant in time once the pattern is fully developed. It
happens somehow similarly in the case of centrifugal compressors and can cause unacceptable
levels of subsynchronous rotor vibration and contribute to reducing the operating life of bearings
and therefore should be avoided. The most common locations for rotating stall occurrence in
centrifugal compressors are the inducer and the diffuser.
Figure 2.2: Stable operating range of vaneless diffusers with Reynolds number as parameter for
two diffuser widths [47].
Jansen [47] gives a stability criterion with the limit being when the tangent of the angle enclosed
between the steady streamline and the circumferential direction (µ) becomes negative somewhere
in the diffuser width. However, the streamlines near the wall curve inwards more than those in the
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middle of the passage and only when the wall streamlines are curved to angles with negative values
of µ will the amplification of the disturbances occur. The most probable mechanism to cause the
instabilities is the fact that the radial component of velocity is directed inward along the diffuser
wall, which is made possible by skewed or three dimensional boundary layers. Hence, unsteady
flow or rotating stall in vaneless diffuser will be found only when a 3D flow separation exists in
the radial diffuser. Depending on the diffuser width, the stability limit will change with the other
parameters held constant (see Figure 2.2).
Figure 2.3: Variation of parameters in the diffuser at optimal condition (φ = 0.21) and maximum
head coefficient (φ = 0.11) [72].
Senoo et al. developed an analytical method (using measured diffuser inlet flow field) to evaluate
the flow behavior and predict critical flow angle in vaneless diffusers for centrifugal blowers, and
compared it to experimental data [72] and [53]. It was shown (see figure 2.3) that at optimal
condition (φ = 0.21) no reverse flow is observed nor predicted and at maximum head condition
(φ = 0.11) reverse flow occurs alternatively on both sides of the diffuser, first on the back plate
side (α1 < 0) and then switches to appear on the shroud side (α2 < 0). It is argued that ”the
phenomenon is related to the complicated nature of flow, where the two wall boundary layers
exchange momentum so that each boundary layer satisfies the equations of motion in the radial
and tangential directions which include the centrifugal force and the wall friction force”. Rotating
stall critical angle was found to be 88% of the critical inlet flow angle for reverse flow occurrence
(Senoo-criterion). However, these tests were performed on centrifugal blowers which have low
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pressure ratios and with no scroll and may no be directly transferable to centrifugal compressors.
For that reason, Van Den Braembussche and Frigne [82] developed a corrected Senoo-criterion
based on Reynolds number which matches well with experimental data. In a different set of exper-
iments [23], they describe the occurrence of three different groups of rotating stall depending on
the diffuser configurations:
• Diffuser rotating stall in the vaneless diffuser due to interaction between the boundary layers
and the quasi inviscid core flow (propagation speed ≤ 20% of rotational speed)
• Abrupt impeller rotating stall due to a strong interaction between impeller and diffuser (prop-
agation speed between 20 and 40% of rotational speed)
• Progressive impeller rotating stall due to flow separation in the impeller (propagation speed
between 50 and 80% of rotational speed)
This is somewhat in agreement with the review by Sorokes [74] where a range of 6 to 33% is given
for rotating stall in the vaneless diffuser and 50 to 80% in the impeller. Yet, they disagree on the
presence of harmonics of the subsynchronous frequency in the case of vaneless diffuser rotating stall,
for Sorokes numerous harmonics of subsynchronous frequency are present (’clipped square’ shape
pressure wave) while for Frigne et al. no harmonics are found for diffuser rotating stall (nearly
sinusoidal pressure wave) and harmonics are present in the case of progressive and abrupt impeller
rotating stall.
Ka¨mmer and Rautenberg [52] also found three different types of stall in a centrifugal compres-
sor depending on the rotational speed. At low speeds, inducer stall occurs with stationary and
unperiodic reverse flow zone the impeller eye correlated with high tip blade incidence angles. At
high speeds, ’slow’ diffuser rotating stall occurs (observed at 12.8% and 15.5% of impeller speed).
In between, ’fast’ rotating stall occurs (observed at 89% of impeller speed) attributed to a periodic
breakdown of energy transfer in the impeller. Impeller flow calculations on the diffuser inlet flow
angle and impeller incidence angle support this differentiations (see figure 2.4).
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Figure 2.4: Influence of rotor speed on critical stage element [52].
2.1.3 System Surge
Where stall and rotating stall are related to the compressor only, surge is a system phenomenon.
It corresponds to an unstable operation where the flow breakdowns periodically. It occurs when
the system is not able to damp a perturbation and return to a steady state after it.
On a compressor map, the characteristic slope of a speedline is defined as ∂PR∂m˙
∣∣∣∣
N=const
. At high
mass flow,the slope is negative. But when reducing the mass flow, the slope of the compressor
characteristics increase (See example of compressor map on figure 1.3) until it becomes 0 or even
positive. As explained by Japikse [48], when the slope is negative, if a perturbation occurs the
system can recover (for example for a perturbation that reduces the mass flow, the compressor
intents to deliver a higher pressure which can overcome the system resistance that reduced the
mass flow). On the other hand, when the slope is positive, if a perturbation reduces the mass
flow, compressor delivery will be reduced below what exists at the exhaust which will tend to
drive flow back from the outlet. This will drive the machine deeply into stall reducing further
both delivery pressure and mass flow. This will continue until the pressure in the exhaust decreases
sufficiently and the compressor can ’recover’ to an operating condition with higher mass flow. Then
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Figure 2.5: Possible modes of instability on
the stall line [35].
Figure 2.6: Pressure signals at various flow
rates [2].
the system will be drawn back to the previous unstable operating condition as it tries to reach a
point of equilibrium. This process may then repeat itself.
Greitzer [35] differentiates surge from rotating stall for axial compressor. Where rotating stall
does not make the annulus mass flow rate oscillate, surge is defined as a large amplitude oscillation
of the total annulus averaged flow through the compressor (see figure 2.5). The two phenomena
can occur independently or coexist. In an experimental study, Abdelhamid et al. [2] show a similar
behavior for centrifugal compressors where rotating stall and surge are two different phenomena.
Figure 2.6 shows the evolution of the measured pressure oscillations at impeller inlet, mid diffuser,
and outlet of a compressor varying the mass flow rate. Decreasing the mass flow rate from a
stable operation point (1st line), the compressor first experienced rotating pressure patterns in and
confined to the vaneless diffuser (2nd and 3rd line). These pressure patterns increased gradually
in amplitude and have radial lines of equal phase. At minimum mass flow rate (4th line), a fast
buildup of new oscillations occurs with are measured all through the compressor. The compressor
experiences surge at this lowest flow rate.
Surge can take various forms, generally classified under two categories: mild surge or deep surge.
As a system phenomenon, its characteristics do not only depend on the compressor but also on all
the surrounding elements. Mild surge occurs with the natural frequency of the overall compression
system but deep surge occurs with lower frequencies [51] set by the outlet plenum emptying and
refilling times [21]. In the case of mild surge, the annulus average mass flow oscillates but remains
positive whereas in the case of deep surge, the oscillations are large and usually the mass flow
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rate becomes negative during part of the cycle. While mild surge can be tolerated because of its
relatively low level of oscillation, deep surge can be very harmful and eventually lead to the failure
of the system.
Commonly, the surge line on an operating map represents the onset of deep surge or the max-
imum acceptable amplitude for instability levels that can be set by mild surge or any kind of
instability. Hence even the small-amplitude fluctuations due to mild surge which increase noise
levels and vibrations can impact the compressor flow range.
Greitzer [35] describes a system of differential equations to modelize the surge phenomenon in
axial compressors as a 1D phenomenon. Figure 2.7 shows the equivalent compression system used
in his analysis. The main assumptions are the following:
1. One dimensional incompressible flow in the ducts
2. Negligible velocity and isentropic expansion or compression in the plenum
3. The compressor is accounted as an actuator disk (pressure and density discontinuities) and
its characteristic is assumed to be known (e.g. measured experimentally). The response time
is simulated by a 1st order time lag on the order of flow residence time in the compressor.
4. The throttle is choked and accounted as actuator disk with assumed characteristic.
5. Short duct length after throttle (inductance free)
Figure 2.7: Equivalent compression system used in the Greitzer model analysis [35].
The pipe lengths are modeled assuming constant area, therefore, for the length normalization,
the following equation is used:
(
Lmodel
Amodel
)
=
∫
actual length
ds
A(s)
where L is the linear length represented by s as a dummy variable in the integral, and A the
13
sectional area. Amodel is a characteristic area of the compressor (e.g. throat area). As the flow
is considered incompressible in the ducts and the area is constant in the model, the velocity is
constant along each duct.
With these assumptions, a system of differential equations can be written: Conservation of
momentum in compressor pipe:
C −∆P = ρLC dVx
dt
=
LC
AC
dm˙c
dt
(2.1)
Conservation of momentum in throttle pipe:
∆P − F = ρLT dVx
dt
=
LT
AT
dm˙T
dt
(2.2)
Conservation of mass in the plenum:
m˙C − m˙T = d(ρPVP )
dt
(2.3)
First order transient for compressor operation:
τ
dC
dt
= Css − C (2.4)
where the time constant is defined as follows: τ = Lt
Vm
where:
• a is the speed of sound
• C is the compressor pressure rise
• Css is the steady state compressor pressure rise (from assumed characteristic)
• ∆P is the pressure difference across the duct (between ambient and plenum)
• ρ is the density
• L is the equivalent length
• Vx is the axial component of velocity
• m˙ is the mass flow rate
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• F is the throttle characteristic (asummed to be known)
• Vp is the plenum volume
• Utip is the blade tip velocity
• index C represents the compressor duct
• index P represents the plenum
• index T represents the throttle duct
• τ is the time constant defined as: τ = Lt
Vm
• Lt is the compressor meridional length
• Vm is the average meridional speed in the compressor
Since the flow is considered isentropic in the plenum we have dPPPP = γ
dρP
ρP
and equation (2.3)
can be modified into:
m˙C − m˙T = VP ρP
γPP
dPP
dt
=
VP
aP 2
dPP
dt
(2.5)
Typically, the characteristic of a throttle vane (for a given position) can be written such as:
F =
1
2
.ρ.(Vx T )
2 =
m˙2T
2.ρ.AT
2
Equations (2.1), (2.2), (2.5), and (2.4) can be non-dimensionalized using the following reference
quantities:
• 12 .ρ.Utip2 for pressure
• ρ.Utip.AC for mass flow rate
• 1ωH = 1
a
√
AC
VP .LC
for time (inverse of Helmholtz frequency)
and the differential equations system becomes:
d ˜˙mC
dt˜
= B
(
C˜ − ∆˜P
)
(2.6)
d ˜˙mT
dt˜
=
B
G
(
∆˜P − F˜
)
(2.7)
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d ∆˜P
dt˜
=
1
B
(˜˙mC − ˜˙mT) (2.8)
d C˜
dt˜
=
1
τ˜
(
C˜ss − C˜
)
(2.9)
where the ˜ represents the dimensionless quantities and
B =
Utip
2.aC
√
Vp
Ac.Lc
=
1
2
U
ωH .Lc
(2.10)
G =
LT .AC
LC .AT
(2.11)
The nondimensional B (often refered as the Greitzer paramater) is the parameter that has the
major impact on the dynamics of the compression system in this model: the bigger this parameter
gets the more prone to deep surge the system is. For example in his paper [35], Greitzer gives
examples of the perturbation responses of the model depending on the value of B (see figure 2.8).
It can be seen that the larger B is and the larger the amplitude of the oscillation in pressure and
mass flow is.
Figure 2.8: Transient compression system behavior for different values of B (from left to right
B = 0.45, 0.60, 0.70, 1.58, 5.00) [35].
An important limitation of the model comes from the fact that the energy equation is not
included, which limits the validity to small PR. Yet Hansen [38] showed that the lumped parameter
Greitzer model can also be used for small centrifugal compressors with fair agreement. Fink et
al. [21] and Galindo et al. [24] also used this model to predict surge occurrence in centrifugal
compressor systems with good agreement.
In a thorough study, Tamaki [79] tested experimentally several sets of piping systems varying
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the lengths before and after the compressor and showed the impact on the steady state compressor
map and the surge line. The difference between experiments and the lumped parameter simulation
was within 10%. The model was also helpful to predict the occurrence of either mild or deep surge.
2.1.4 Notions of Modal and Spike Stall Inception
The disturbances preceding stall have been categorized by Camp and Day [11] into modal and
spike stall inceptions. Modal stall inception is characterized by the growth of small-amplitude,
two-dimensional, long-length-scale (approximately equal to the compressor circumference) wave-
like disturbances extending axially through the compressor. Spike stall inception has a shorter
wave length, it consists of flow fields perturbations on the blade-scale which propagate around the
circumference, growing in size to become a fully-developed rotating stall cell.
Figure 2.9: Examples of modal (left) and spike-type (right) stall inception [11]
The occurrence of modal-type stall inception is observed to occur when the stagnation-to-static
pressure rise characteristic of the compressor has a zero slope (peak of pressure rise) whereas spike
type stall inception describes localized flow separation in one particular blade row and occurs when a
critical incidence is exceeded. The modal type is related to the surge phenomena with the occurrence
of low frequency large scale perturbation along the streamline direction whereas the spike type is
the precursor to rotating stall. But the two types can be linked: a modal oscillation can change
the local flow conditions making the incidence of a particular blade row exceeds the critical value,
inducing spikes. Illustrations of each type of stall inception leading to fully developed rotating stall
is given in figure 2.9. A rather comprehensive review on spike stall inception was written by Tan
et al. [80].
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2.2 Surge Limit Definition
Historically, surge limit is associated with audible effects, instabilities of operating variables and
important variations of the inlet temperatures. Typically during an experimental test, an expert
operator evaluates the surge limit. This leads to a subjective criterion and makes it difficult to
automate turbocharger testing with a sufficient level of reliability and compare surge lines between
different test facilities. Moreover where it is somehow easy to define a surge limit when an abrupt
change of operation condition occurs with decreasing mass flow (such as deep surge triggering), it
is more difficult to draw a clear line in the case of an unstable phenomenon that would increase
progressively in intensity (such as progressive stall development). There is no standardized criteria
that explains how to delimit this line and each entity have their own criterion. Hence, in the SAE
recommended practice for test procedures for single rotor turbochargers [1], surge line is solely
defined as ”the boundary of an area of severe flow reversal combined with audible coughing and
banging”.
Figure 2.10: Compressor map for a large B system and small B system [22].
As predicted in the Greitzer model and demonstrated experimentally by Jungowski et al. [51]
and Tamaki [79], the piping system surrounding the compressor also has an impact on the stability
of the system at low flow rates which makes a harmonization even more difficult. This is illustrated
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in figure 2.10 where a same compressor with two different piping systems exhibits different stable
limits even though the two systems show the same characteristic on the right part of the map. The
large B case corresponds to a piping with a large plenum. In this case the surge line is coincident
with the line of zero slope on the characteristic. The small B case corresponds to a piping with
the throttle placed shortly after the compressor exhaust. In this case, the compressor could be
operated almost to 0 mass flow rate without surge occurrence.
Already in the 1980’s, Fisher [22] explained the necessity of a criterion to position the surge line
on a turbocharger compressor map to avoid operation in unstable regions of the map. However,
different authors proposed different criteria. The most common ones include a noise level threshold,
a specific noise (in a certain bandwidth), positive slope of the characteristic, pressure oscillations
(stochastic or at certain frequencies), a line of iso-efficiency (similarly to the definition of the choke-
line on the map), or the detection of back flow at the blade tip (positive inlet pressure or increase
of the inlet temperature. The following paragraphs give a few example in more details.
(a) Fourier Series representation
of P2c for the three studied
cases.
(b) Spectra of P2c for deep
surging points at different
speeds.
Figure 2.11: Influence of mass flow rate and rotation speed on P2c frequency spectra [25].
Galindo et al. [25] suggest a frequency based criterion on the downstream pressure for surge
detection. In surge, the pressure frequency spectrum showed a high peak around 5-15Hz (see
figure 2.11a). The value of the frequency changed little with the speed (see figure 2.11b) but was
highly dependent on the downstream volume. Only the surge phenomenon is detected with this
method and the frequency range for peak detection still has to be given. With this method if
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another phenomenon creates a global level increase of instability levels, it would not necessarily be
detected.
Andersen et al. [5] propose two approaches: one based on the outlet pressure (similar to Galindo
et al.) and another on the inlet temperature. In the case of steady flow, the standard deviation
of the outlet pressure signal is a good indicator of surge limit but for pulsating flows, an FFT is
necessary to detect surge occurrence (see figure 2.12a) similarly to Galindo et al. work. However in
engine testing neither the standard deviation or the FFT analysis is applicable because for a test
bench with a four stroke engine, the engine frequency at low speed could be in the same range as
the surge frequency. The rise in inlet temperature can be used to indicate the surge limit for both
steady and pulsating flow (see figure 2.12b). But the measured rise depends on the location of the
sensor, the compressor, and the boundary conditions making it hard to use for every compressor
and set-up. The temperature rise is actually an indication of back flow at the blade tip occurring
at low mass flow as it was measured in a centrifugal pump as illustrated by Breugelmans et al. [10]
(see figure 2.13). However, back flow in the inlet can be acceptable as long as it does not rise the
noise levels in the compressor and is not necessarily an indication of surge, but rather a precursor.
(a) Standard deviation of
compressor outlet pressure and
max amplitude of FFT. Large
compressor in operation close to
surge in steady and pulsating
flow.
(b) Compressor inlet
temperature rise measured with
steady and pulsating flow with
pulse frequency and amplitude
similar to a 4 cylinder engine.
Large compressor at 90krpm.
Figure 2.12: Surge detection methods [5].
Fisher [22] also used a criterion based on measurements at the inlet of the compressor but
instead of using the increase in temperature, he used the pressure at the inlet of the compressor.
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Figure 2.13: Prerotation and Preswirl in a centrifugal pump [10].
According to his experience of testing on a wide range of compressors, the first sigh of instability in
the system corresponds to a peak-to-peak fluctuation in the compressor inlet static pressure of 8%
of the mean inlet pressure. This is the criterion he used for surge line comparisons between different
configurations. Again this criterion could be triggered by back flow occurrence as a sensor placed
a the beginning of the recirculation bubble would see significant fluctuation in the pressure. Hence
the position of the sensor could have an impact on the detection (similarly to the temperature
sensor at the inlet). If the pressure sensor is placed far enough on the inlet pipe from the inducer
however, this criterion could be a good indicator of system surge.
Finally, the sound level on a certain range of frequency is used by some authors. Kyrtatos
and Watson [56] used a microphone with an octave filter placed near the entry of the compressor.
A certain frequency band not affected by flow injection was chosen and the instability limit was
defined when a threshold for the measured sound level was reached. The threshold was defined
by a sharp increase in sound level followed by fluctuations as the flow was reduced on the original
compressor. Similarly, Aretakis et al. [6] used the rms value of the acoustic signals, filtered in the
subsynchronous part of the spectrum (0 to 0.9 of rotation frequency). The value of the rms gave
an indication of the compressor operating in a stable fashion, with stall, or in surge. Uchida et al.
[81] define the surge limit by sensing the frequent pressure oscillations at the compressor exit.
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2.3 Effect of Tongue and Volute on Stability
The role of the volute is to collect the flow exiting the radial diffuser and transfer it to a pipe. The
tongue of a volute is the location that separates the scroll beginning and its outlet. Volutes have
a cross section that increases from the tongue to the exit. When operating near design conditions,
the pressure along the volute is relatively constant but away from this point pressure gradients are
present with the extreme values around the tongue region. Experimental measurements by Iwakiri
et al. (see figure 2.14a) show the evolution of the pressure distribution along a speed line. It can
be seen that the largest pressure gradients occur near the tongue both at high and low mass flow
but with different signs. At high flows, the pressure is higher under the tongue and decreases along
the scroll, whereas at low flows, there is a region of low pressure under the tongue and the pressure
slightly increases going around the volute (see figure 2.14a). This effect can also be seen in the
impeller despite the damping effect of the diffuser as seen in figure 2.14b. According to Dai et al.
[14] while the compressor performances are affected by the volute, the impeller performance is not.
(a) Circumferential pressure distribution
at diffuser exit [45].
(b) Impeller head coefficient versus
circumferential position at low mass flows [21].
Figure 2.14: Influence of the volute on circumferential pressure distribution.
The shape of a volute is generally defined by its area over radius ratio or A/R which is defined
as follows:
A/R =
Outlet cross section area (in2)
Radius to the center of the oulet area (in)
The outlet cross section area and radius to the center of the outlet area are illustrated in figure
2.15. It is important to note the unit (inches) of the geometric parameters.
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Figure 2.15: Illustration of the volute A/R
Losses occur in the diffuser and the volute converting the fluid velocity into pressure and when
operating away from design conditions, these losses increase. Hence, Gu et al. [36] showed with a
numerical study on the stationary elements of a centrifugal compressor that there is 7.25 points of
loss in efficiency at design point (with about 3/5 from the diffuser) whereas these losses increased
to 10.4 points at off design conditions (with 3/5 from the volute). It was found that the diffuser
inlet distortion accelerates the development and merge of boundary layers on the walls. Also the
flow in the volute followed well the Van den Braembussche’s model [83].
Hence it is necessary to optimize the geometry of the diffuser/volute. On a study on a pump,
Dong et al. [17] found that there is an optimal gap between the impeller and the tongue in order to
reduce the noise due to the jet/wake phenomenon (from the blade trailing edge) without affecting
the performance. Also adding splitter vanes reduced the intensity of the distortion induced by the
wakes. Hassan [40] studied the effect of volute designs on compressor performances (stable range
and pressure rise). Increasing A/R improved the pressure rise and the maximum flow but also
increased the losses in the volute and reduced the stable flow range. Lower A/R increase the stable
flow range due to significant elimination or reduction of recirculation regions within the volute
discharge at off design conditions. Tangent volutes compared to symmetric volutes were found to
have a larger stable range, higher pressure recovery and maximum flow rates. Similar results where
found by Dai et al. [14] and at low mass flow, a recirculation near the hub side of diffuser was
found to be the cause of increased losses. Therefore there is an optimal A/R for which the stable
flow range is maximum with relatively high pressure rise and acceptable losses but it is always a
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trade off.
However the flow structures encountered off design in the volute can be quite different between
cases. For example Dai et al. [14] and Gu et al. [36] (both from the Turbomachinery Lab at
Michigan State University) found opposite results at extreme flows with numerical studies. Dai
found a twin vortex structure at low mass flows and not at high mass flows whereas Gu found the
opposite. Both however found that at low mass flows, leakage around the tongue and low total
pressure flow on the hub side of the diffuser exit resulted in recirculation.
Thence the shape of the tongue is also important. In a numerical study, Xu and Muller [94]
looked at the influence of the tongue shape on the compressor performance. The tongue shapes
that were presented are cut-back tongues (about 9◦ from the full tongue location) which allows
some flow recirculation. A round tongue created significant blockage and less uniform pressures
than a sharper one. The peak pressure recovery is also higher in the sharp tongue case but again
this is obtained at the cost of flow range: the pressure recovery at off design is better with the
round tongue.
Figure 2.16: Flow pattern near the tongue region at three flow coefficients [91].
In addition to its impact on the overall compressor performance, the tongue region is also critical
for the stability. For example, Wo and Bons [91] found that the tongue region is a destabilizing
element near surge in a centrifugal pump. A recirculation zone was observed above the tongue
at high mass flows which creates a blockage at the volute exit. At low mass flows, recirculation
occurs under it and reversal flow is present on the opposite wall (see figure 2.16). Through a large
eddy simulation on a full stage turbocharger centrifugal compressor operating near surge, Hellstrom
et al. [42] found a highly unstable behavior with reverse flow occurrence in several parts of the
compressor (inlet region, wheel, and diffuser). The driving mechanism was found to be related
to the tongue region where the flow separates at some instances depending on the local pressure
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gradient, affected by the pressure in the outlet pipe and below the tongue. At each flow separation,
a low pressure bubble is created and then is convected around the scroll.
Finally, in the case of a vaned diffuser, the relative position of the vanes with the tongue can have
a significant impact on the flow in the tongue area. Dickmann et al. [16] results form a numerical
study with transient CFD are shown in figure 2.17. When the tongue position is between two
vanes, there is an alternating separation zone in the volute/tongue/exit cone area. Whereas when
the vane is aligned with the tongue, there is a stagnation area below the tongue underneath the
exit cone.
Figure 2.17: Velocity flow field in the tongue area at diffuser mid span plane for two vane
positions (color represents Mach number) [16].
2.4 Active Instability Control
The detection, prediction and prevention of the phenomena of stall, rotating stall and surge are
obviously of great importance. The detection is usually achieved using aerodynamic sensors such
as fast response pressure sensor, microphones, hot wires [6] or temperature sensors near the inducer
[5]. These methods are often intrusive or in contact with the flow and difficult to use in automotive
environment but well used in the research area. In most study cases, the compressor operation is
analyzed for a fixed charge. However, a sudden change in mass flow rate and downstream conditions
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can happen for example when throttle is lifted or closed. A significant part of turbocharged engines
use a blow-off (or by-pass) valve at the compressor exit to control this surge due to load change.
Its principle, relatively simple, is to vent the extra flow to the atmosphere when the throttle is
being closed. For the more common instabilities control, two main approaches exist for surge limit
extension: active control and passive or pseudo-passive control.
Control has been performed over rotating stall and surge. Active control of rotating stall has
been achieved in a centrifugal compressor by Lawless et al. [59] using a phase-controlled inlet
distortion generated by an array of 12 air injection ports at the compressor inlet. This method
demonstrated the control of the first mode of rotating stall but only improved slightly the surge
line. Paduano et al. [66] improved the stall mass flow by delaying the onset of rotating stall in an
axial compressor. The propagating waves were sensed by a circumferential array of hot wires then
additional circumferentially traveling waves were generated with appropriate phase and amplitude
by ”wiggling” inlet guide vanes driven by individual actuators to achieve control. The improvement
on the stall limit was 11% on the mass flow rate with control of the first harmonic and 23% with
control up to the third harmonic.
Figure 2.18: Compression system with CCV [32].
Active control of surge is more common than for rotating stall. The majority of the methods
are based on the Greitzer model of compression system (see 2.1.3) modified to include additional
parameters or degrees of liberty for actuation. Figure 2.18 shows the implementation of a close
coupled valve (CCV) between the compressor and the settling tank and control of it and the throttle
valve used for surge control. Bartolini et al. [8] and Gravdahl et al. [32] simulated the use of a
CCV and predicted a stabilization of the compression system otherwise surging. Gravdahl et al.
also used actuation on the rotor speed [33] and the driving torque [34] for active surge control
pushing the surge line to lower mass flows in their simulations. Pinsley et al. [67] modeled and
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(a) Reduction in amplitude of
peak pressure fluctuations with
feedback control. (b) Compressor map with CCV
to increase stable flow range.
Figure 2.19: Surge detection methods [67].
tested a surge control method using a fast-acting downstream throttle valve to prevent mild surge
and delay deep surge reducing the minimum mass flow for stable operation by 20-25% (see figure
2.19a) and showed that the use of CCV can offer further improvement (see figure 2.19b).
Ffowcs Williams et al. [90] used a loudspeaker to create a moving wall in the plenum downstream
of the compressor to achieve active stabilization of surge. The improvement was better at lower
speeds than higher speeds due to the limited force available in the controller. Finally, Ahn et al.
[3] used an output pressure feedback using magnetic thrust bearing actuator to control the tip
clearance.
2.5 Passive or Pseudo-Passive Instability Control
In practice, active control is hard to implement in automotive application and passive or pseudo-
passive methods are preferred. Among the solutions for passive control, several options have been
proposed such as inlet guide vane, vanes in the diffuser, tailored structures with movable plenum wall
acting like an aerodynamic spring and damper to absorb surge oscillations [37], casing treatment
with grooved shroud or slot on the shroud at impeller leading edge linked to a recirculation cavity.
These different methods will be explored in the next paragraphs.
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2.5.1 Diffusers
a. Effect of Dimension Changes
Gao et al. [28] used a wavelet neuronal network to study the effects of geometry on diffuser stability
and rotation stall occurrence. They found that an increase of blade exit angle stabilizes the diffuser
flow. The larger the radius ratio ( r4r3 ) the smaller the cell speed. Also narrow and wide diffusers,
defined in the sense that the boundary layers merge or not (see figure 2.20), behave differently. The
number of blades has little impact on cell speed and critical angle for wide diffuser but has large
influence for narrow ones. For wide diffusers larger radius ratio gives larger critical angle but has
no impact for narrow diffuser.
Figure 2.20: Flow in narrow diffuser and wide diffuser [28].
Ludkte [62] studied how changes in diffuser geometry can bring surge limit improvement and
their effect on the performances (see Figure 2.21). He showed that drastic reduction of the area
of the diffuser (versions 2 and 3) although improving the surge limit proved to shift the maximum
efficiency flow rate closer to surge and decrease unacceptably the efficiency (respectively 7% and
8% drop) and moreover version 3 reduced the choke flow. The constant area (version 2a) showed
surge limit improvement (10%) with little loss of efficiency (1%). Hence the dimensions of the
diffuser have to be carefully chosen to increase the stable range of the compressor keeping good
performances.
Whitfield et al. [89] also tested different set of geometries for the diffuser with angles plates and
stepped plates placed on either side of the vaneless diffuser changing the diffuser width to simulate
a variable geometry (see figure 2.22a). Similarly to Ludtke’s, the results showed a smaller mass
flow for surge occurrence with the compressor performances shifted to lower mass flows as well
28
(a) Version 0: Parallel
wall diffuser.
(b) Version 2: Highly
tapered diffuser.
(c) Version 2a: Constant
area diffuser.
(d) Version 3: Parallel
Wall reduced area
diffuser.
Figure 2.21: Different diffuser version tested by Ludkte [62].
(a) Diffuser geometries.
(b) Performance comparison of angled
plates 8C and 1OC diffuser area ratio
0.733 (69%).
Figure 2.22: Effect of diffuser geometry change [89].
for constricted diffuser. At low mass flow, the performances of the compressor with reduced area
are better than the original vaneless diffuser (figure 2.22b). Hence a variable geometry that would
control the constriction of the diffuser could improve the surge limit and the performances at low
mass flow rates.
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b. Effect of Vanes in the Diffuser
Abdel-Hamid [65] tested the implementation of small variable position vanes at the exit of a vaneless
radial diffuser (figure 2.23a). The vanes were more effective at low mass flow rate and the onset of
rotating stall in the diffuser was delayed increasing the stable range of operation (figure 2.23b). The
pressure rise was significantly increased (figure 2.23c)and the optimum vane angle setting varied
linearly with the inlet diffuser angle. However keeping the optimum performance would require
control on the vanes.
(a) Schematic of the diffuser
with exit vanes.
(b) Effect of vane angle on diffuser
static pressure rise coefficient.
(c) Optimum performance of
diffuser-vane combination.
Figure 2.23: Small vanes at the diffuser outlet [65].
Different angles for vanes in a diffuser for a turbocharger centrifugal compressor was studied
numerically by Jiao et al. [50]. It was found that with the right vane angle, the flow separation
and blockage can be eliminated in the diffuser minimizing pressure and efficiency losses but no
improvement on impeller performance were found. Jiang and Whitfield [49] tested different sets
of vanes in the diffuser (at the inlet only, at the outlet only, full length and double set some are
presented in figure 2.24). The set of short vanes at the diffuser outlet showed a broad range (similar
to vaneless) and improved performance (compared to vaneless) as shown in figures 2.24b and 2.24c.
All other arrangements increased the performance but reduced the operating range as shown in
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(a) For full vanes (b) For short vanes at the outlet (c) For half short vanes at the
outlet
Figure 2.24: Performance comparison for several sets of vanes in the diffuser [49].
figure 2.24a and could only be used as a variable geometry device.
Hence vanes in the diffuser improve the efficiency of the diffuser but reduce the stable range.
Variable angle vanes could improve the operating range and the efficiency but the system would
become active control harder to implement. It can be noted that short vanes at the vaneless diffuser
exit showed better performances with almost no change in stable range.
c. Effect of Grooves (Casing Treatment)
Grooves machined on the diffuser walls are a mean to control the diffuser flow instability. Gao et al.
[29] showed, with a CFD study, that the reversed flow zones on the diffuser walls was suppressed
with grooves (figure 2.25). The inlet flow angle was significantly improved especially near the wall
due to the groove inward flow.
Kurokawa et al. [55] used radial shallow grooves to suppress rotating stall in the diffuser of a
blower (vaneless and vaned) with either grooves only on one side or both sides. The grooves which
worked best had dimensions of 10 mm wide and 3mm deep for the one side case and 1mm deep
for the case with both sides. Rotating stall was completely suppressed (figure 2.26a) but there
was an increase in hydraulic loss of about 5-10% for the vaneless diffuser and 8% for the vaned
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(a) Streamlines and radial velocity contour without
grooves (α2) = 14.9
◦.
(b) Streamlines and radial velocity contour with
grooves (α2) = 14.9
◦.
Figure 2.25: Effect of radial grooves on diffuser velocity field [29].
(a) Rotating stall suppression by
radial grooves (one side). (b) Total pressure at the impeller
outlet.
(c) Total pressure at the diffuser
outlet.
Figure 2.26: Effect of radial grooves on rotating stall performances [55].
diffuser (figures 2.26b and 2.26c). The improvements on the stable range are due to the decrease in
tangential flow (mixing between main flow and groove flow) and the increase of radial flow (reverse
flow in the grooves). Yet the presence of the grooves create losses so it is important to limit the
number and size of the grooves, the optimum position and shortest length is determined by the
separation zone [29]. Saha, Kurokawa et al. [70] also found that increasing the number of grooves
decreased the stalled mass flow but increased the hydraulic loss. Grooves also reduce pressure
fluctuations of the vaned diffuser by almost half in amplitude when no rotating stall is present.
d. Air Injection in the Diffuser
Finally, Skoch [73] used air injection (figure 2.27a) or control tube creating flow obstructions (figure
2.27b) at the inlet of a vaned radial diffuser to extend stable flow range. The results are shown in
figure 2.27c. Forward-tangent injection using recirculated air cause little pressure loss in the diffuser
but achieved only a small stable flow rate improvement. Reversed-tangent injection produced the
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(a) Schematic of air injection
apparatus.
(b) Schematic of control tubes
apparatus.
(c) Comparison of pressure ratio
between cases.
Figure 2.27: Stabilization techniques in diffuser centrifugal compressor [73].
highest losses on pressure rise and only showed a small improvement on the surge line for small
injected flow rates. The control tubes inserted in the flow path produced significant improvement in
stable flow range with moderate losses in diffuser. The improvement is due to the reduction in swirl
angle across the span stabilizing the diffuser but decreasing overall compressor performances. It was
concluded that if the swirl angle could be reduced with minimal pressure loss, the overall compressor
performances would be maintained. Also recovery from fully developed surge was demonstrated
with reverse-tangent injection.
2.5.2 Swirlers at the Compressor Inlet
Instabilities in the impeller can arise when the flow is at off-design conditions and the incidence
angle at the inducer is too high. Following the research on axial compressors, the implementation
of inlet guide vanes (IGV) has been applied to centrifugal compressor. In the 1960’s, Steinke and
Crouse [75] conducted preliminary research on the benefits of pre-swirl on axial compressors to
extend flow range. The incidence angle at low mass flow rate was reduced by use of IGV improving
the performances.
Rodgers [69] showed that with the use of IGV on a moderately high speed centrifugal compres-
sor the surge line was considerably extended but the efficiency was overall reduced (figure 2.28a
and figure 2.28b). The IGV regulation increased the impeller stability permitting the diffuser to
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(a) Test compressor path
(b) Compressor test performance map
(θ1 is the prewhirl angle)
(c) Work factor versus inlet air angle
for different IGV positions
Figure 2.28: Use of IGV to extend surge limit on a near sonic centrifugal compressor [69].
operate stalled while the overall system was still stable. The tip Mach number was close or above
unity and high-speed surge was triggered by inducer stall (for subsonic inlet conditions, surge is
generally triggered in the diffuser). The high-speed surge line corresponds to a unique impeller
work coefficient (figure 2.28c) and the author postulates that it corresponds to the maximum static
pressure recovery of the impeller, working as a diffuser. Further increase in work coefficient are
associated with flow recirculation with increased tip blockage.
Coppinger and Swain [13] studied the performances of an variable IGV system (VIGV) for an
industrial centrifugal compressor. The pressure loss through the system was measured experimen-
tally and numerically and compared for different vanes geometries and positions. With the original
vane design (figure 2.29a), a significant core flow near the center was without swirl and a clearance
area opened at the tip at intermediate angles. Original design consisted of flat vanes based on a
cylindrical passage, the new designs included flat vanes on a spherical passage and tandem vanes
on a spherical passage to reduce incidence angle (figure 2.29b). The use of spherical section passage
eliminated blade and tip clearance with negligible additional pressure loss and the tandem vanes
produced comparable swirl with less losses (figure 2.29c). Hence optimized vane design can bring
necessary swirl with minimal losses.
Xiao et al. [93] studied the impact of VIGV on the performances of a centrifugal compressor
(figure 2.30a). When the VIGV angle is increased respectively decreased, the performance curves
(pressure rise and efficiency) shift toward small flow domain respectively large flow domain (figure
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(a) Original cylindrical section
passage VIGV system.
(b) Tested designs for VIGV.
(c) Pressure loss versus average
outlet swirl angle.
Figure 2.29: Pressure losses through a VIGV system [13].
2.30b and 2.30c). The flow resistance at vanes setting angle of 0 is negligible but for large setting
angles, flow separation occurs in IGV passages within a wide flow range impacting negatively the
performances.
(a) Sketch of
centrifugal compressor
with VIGV.
(b) Performance curves of pressure
versus mass flow.
(c) Performance curves of isentropic
efficiency versus mass flow.
Figure 2.30: Change in performances due to VIGV [93].
Whitfield et al. [88] presented a couple swirl generators based on an inlet volute instead of IGV
(figure 2.31a). The surge was suppressed and replaced by noisy operation with the use of volute
swirl generator and temperature measurements close to the impeller inducer showed that the local
35
(a) Variable geometry swirl
generators (Top variable volute with
change of x, Bottom variable core
flow with change of y).
(b) Compressor performance with
varying swirl (variable volute).
(c) Compressor performance
with core flow (variable core).
Figure 2.31: Change in performances with swirl generator [88].
flow reversal was delayed to a lower mass flow rate. The performances with the swirl generators
are shown on figure 2.31b and 2.31c. At high mass flow rates, inlet swirl could not be used because
it created large incidence for the impeller and reduced efficiency. The authors conclude that a well
designed volute can generate swirl efficiently but a variable geometry arrangement (at the least
on/off type device) has to be used for zero swirl at high flows.
Galindo et al. [26] studied a swirl generator device (SGD), resembling Whitfield’s, but with
vanes to control the swirl intensity (figure 2.32a). The idea is that such a swirl generator (with
volute and inlet at 90◦) is good for packaging as it is very compact compared to standard IGV. This
specific device also creates a swirl distribution with high velocities near the wall and low velocities
in the center. The negative swirl configuration achieved high higher pressure ratios but with lower
efficiency than positive swirl (figure 2.32b) and the surge limit is improved in both cases. With
negative swirl the inlet relative velocity is increased in the inducer. With a variable design it would
36
(a) SGD geometry with aperture
angle β.
(b) Compressor maps and isentropic
efficiency reconstructed by subtracting
the influence of the pressure loss in the
SGD.
(c) Pressure loss coefficient
induced by SGD.
Figure 2.32: Change in performances with SGD [26].
be possible to keep low losses and the benefit on the surge line. However this device also induced
pressure losses increasing with increasing vanes incidence (figure 2.32c).
Tamaki [77] used a swirl generator coupled with a recirculation casing treatment (which will be
discussed in the next section). He found that negative pre-swirl increased the work transfer from
the impeller to the fluid with increased impact at low mass flows. Hence negative pre-swirl increase
the negative slope on the work coefficient characteristics enhancing compressor operating range as
the work coefficient closely relates to the pressure rise.
IGV and more particularly VIGV can significantly improve the surge limit by creating pre-swirl
or counter-swirl at the compressor inlet. Pre-swirl shifs the performances to lower mass flow (both
pressure rise and best efficiency point). But it adds complexity to the system especially in the
case of variable design which are necessary to increase the stable range. Moreover the addition
of the device in the flow path creates pressure losses. Compared to pre-swirl which improves the
incidence angle at low mass flows, counter swirl seems to give better surge limit improvement due
to increased work coefficient at the inducer tip particularly at low mass flows as the relative velocity
is increased.
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2.5.3 Casing Treatments in the Impeller Region
Another method that have been explored to increase the surge limit is by improving the flow in
the impeller similarly to the diffuser. Different ways of achieving this have been studied: jets near
the inducer, casing grooves and recirculating flow near the impeller tip.
a. Jets
Since instabilities in the impeller at low flows is generally caused by low velocity flow regions and
backflow near the blade tip, control of these region is important. The use of jets for flow control
was used by Goto [31] to delay the instability onset and surge on a mixed-flow pump (figure 2.33a).
The best results with the jet injection were obtained with counter rotation jets (injected at 90◦
to the axis). The improvement in the pump operation (figure 2.33b) was due to the alteration
of the secondary flow in the impeller passage. The passage vortex was suppressed and the corner
separation was prevented by displacement of the high loss fluids (figure 2.33c). However a hysteresis
was found in the operation with jets. The surge was stabilized by turning on the jets on the first
cycle.
(a) Schematic diagram of water jet
injection system. (b) Hysteresis in pump
characteristics with jet flow
injection.
(c) Measured relative velocity
contour behind IMP30 impeller with
and without jet flow injection
(Q∗ = 0.79).
Figure 2.33: Effects of jet injection in a pump [31].
Hirano et al. [43] studied the effect of a single nozzle injection on the operation of a couple
turbocharger centrifugal compressors. The flow was injected axially near the tip of the blades and
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(a) Parameters defining the jet
arrangement.
(b) Variable performance compressor map.
Figure 2.34: Effects of jet injection in a turbocharger compressor [56].
was recirculated from the outlet. The surge line was slightly improved and the best position for
the injection was found to be at the opposite of the tongue location.
Kyrtatos and Watson [56] presented a design procedure to introduce pre-swirl at the inlet of
a turbocharger centrifugal compressor with flow injection with air withdrawn from the outlet (see
figure 2.34a). The procedure was applied to a compressor and the results are shown in figure 2.34b.
For the design of the jets, the authors recommend to use the flow angle at best efficiency instead of
design as a reference. The surge line was improved and the pre-swirl seemed to be more effective
at lower speeds. However it implied a significant decrease in pressure delivery, larger at higher
speeds because the injected air was taken from the outlet. The implementation of the recirculation
with jets improved the efficiency of the compressor itself as the jet mass flow was increased but the
overall efficiency decreased mainly due to the recirculation of hot air toward the inlet.
Benhegouga and Yang [9] studied numerically similar jet injection for a centrifugal compressor.
The injection flow rate was 3% of the main flow rate and the best setting was for 25◦ injection
yielding approximately 7.5% improvement in surge limit. The steady injection created pre-swirl at
the tip of the inducer and decreased the relative Mach number significantly.
Jets in the compressor inlet are an alternative to IGV to create pre-swirl or counter-swirl at the
inducer. The same impact for pre-swirl and counter-swirl is found using the jets as generators: pre-
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swirl reduces the incidence angle and the relative Mach and counter-swirl increases work coefficient
increasing the relative Mach. Fluidic injection has the advantages that it creates less pressure loss
and can be turned off and on (pseudo active system) and less moving parts are necessary but it
requires a pressure source either external or from the compressor outlet.
b. Grooves and Recirculation in Axial Compressors
(a) Geometries of different tested casing treatments.
(b) Effect of casing treatment on overall performance.
Figure 2.35: Groove casing treatment on axial compressor [76].
Casing treatment in axial compressor started early as it is easier to install than on centrifugal
compressors. In the 1970’s, the use of grooves at the rotor tip of axial compressor for surge line
improvement started to be evaluated. Takata and Tsukuda [76] and Johnson and Greitzer [12] both
placed grooves on the shroud of a low speed axial compressor. Takata and Tsukuda tested several
type of grooves (figure 2.35a) and found that the most effective for surge line improvement was the
deep skewed slot (figure 2.35b). This is also the casing treatment geometry studied by Johnson
and Greitzer. The stall limit with smooth wall was due to a region of high blockage at the rear
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of the passage where wall stall occurs. The slot permitted a removal of this low speed flow (low
momentum region) at the trailing edge and created a high velocity jet at the leading edge.
Figure 2.36: Discrete recirculating casing treatment concept [41].
Lee and Greitzer [60] further studied the effect on the compressor stability of these two phe-
nomena separately by independent flow removal and injection. It was found that both improved
the stall line and were most effective when used together. The removal had the same effectiveness
anywhere on the chord and the effectiveness of the injection depended on the streamwise momen-
tum influx. Finally Hathaway [41] proposed a self-recirculating casing treatment concept based on
these mechanisms with guideline for design (figure 2.36).
c. Grooves in centrifugal machines
Some casing treatments concepts have been applied to centrifugal machines. Amann et al. [4]
extended the surge limit in a centrifugal compressor with vaned diffuser (figure 2.37b). The surge
was found to be controlled by the diffuser and initiated at the impeller outlet by low velocity fluid at
the trailing side of the rotor passages. Relief from the backflow was provided in the third dimension
by a slot machined on the shroud side connected to a cavity (figure 2.37a). This slot permitted to
reduce the amplitude of deviation of the static pressure at the diffuser inlet stabilizing it (figure
2.37c).
Gao et al. [30] studied numerically a casing treatment on the shroud wall in the inducer
region with recess vanes or circumferential grooves with and without bleeding. The circumferential
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(a) Casing modification
to extend surge limit.
(b) Effect of casing modification on
surge flow limit.
(c) Circumferential variation of static
pressure at rotor outlet, both with and
without slot in casing.
Figure 2.37: Effect of casing treatment on compressor operation [4].
grooves alone had a limited impact on the surge limit and the best improvement were obtained by
the circumferential bleed grooves and the recess vanes. However about 5% of the mass flow is bled
through the grooves reducing significantly the overall pressure rise. It was shown that the stability
is improved by reducing the intensity of the tip leakage flow. However the efficiency was reduced
in all cases.
d. Inlet Recirculation Casing Treatment
What was found about axial compressor -suction of low momentum flow near the trailing edge
and injection near the leading edge- led to implement a recirculation device to transfer the flow
from the trailing to the leading edge for improved stability range. Following the same idea, casing
treatments on centrifugal compressors allowing flow recirculation in the inducer region have been
studied. Indeed the inducer part in a centrifugal compressor is somehow similar to an axial machine.
Moreover improvement of the flow in the impeller is maybe more important than in the diffuser
as the compressor can have an overall stable operation even with a stalled diffuser. Instabilities
created in the impeller will also travel downstream through the entire compressor.
Inlet recirculation in centrifugal compressors consists on one or more slots machined in the
shroud wall in the inducer section of the impeller connected to a recirculation cavity which empties
into the flow entering the impeller. The inner wall is generally supported by a set of structural
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(a) Performance map comparison.
(b) Streamlines at blade tip (top left smooth wall, top
right recess vanes, bottom left circumferential grooves,
bottom right circumferential grooves with bleed).
Figure 2.38: Effect of radial grooves on diffuser velocity field [30].
ribs and is sometimes referred as ported shroud. Early work on such devices was done by Fisher
[22] and an example of geometry is shown in figure 2.39a and its effect on the stable range of
the compressor in figure 2.39b. In his study, he showed that grooves on the shroud are not very
efficient and recirculation devices are better for map width enhancement. It was hypothesized that
the decoupling of the inducer from the pressure field created by the volute is also beneficial. The
recirculation through the slot works differently at choke (where it allows more air flow) and near
surge (where reducing effective flow area at the inlet reducing incidence) due to different pressure
differentials across the cavity (figure 2.39c). Hunziker et al. [44] also explained the importance of
the pressure differential on the flow direction and intensity with a numerically study (figure 2.40b).
Hence, inlet recirculation can improve both the surge limit and the choke limit.
Eynon et al. [20] also studied experimentally a centrifugal compressor with this feature. Flow
reversal in the channels occurred for mass flow rates lower than that at which peak efficiency oc-
curred. An improvement of the map width was measured and the pressure ratio was increased at low
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(a) Geometry of inlet recirculation
casing treatments and functioning at
low mass flow rate.
(b) Effect of casing treatment
compressor on 108mm
impeller.
(c) Pressure differential in
the bypass.
Figure 2.39: Casing treatment at the inducer of a centrifugal compressor [22].
mass flows. The recirculation suppressed reversal flow at the inducer (evaluated with temperature
sensor near the impeller) and low frequency oscillations characteristic of surge.
(a) Absolute flow velocity in two different versions
of the bleed system [44].
(b) Snapshot of velocity vectors in the inducer
casing bleed system [15].
Figure 2.40: Flow in recirculation casing treatments.
Since the 2000’s, numerical studies have helped the understanding of the recirculation mech-
anisms and its benefits. Hunziker and Dickmann [44] compared an existing bleed system with
numerical computations on the same and improved cavity geometries (figure 2.40a). It was found
that the improvements on the surge line are the combined result of pre-swirl and higher flow rate
at the leading edge. This reduced the incidence angle and delayed the flow separation behind the
main blade leading edge.
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To reduce the losses in efficiency, several authors agree on the fact that it is important to
carefully shape the bleed system. Changes in dimensions of the casing treatment have a great
effect on the surge limit. According to Fisher, with a good design for the recirculation, the penalty
loss can be kept under 1%. For example Hunziker et al. studied an optimized design (version IV in
figure 2.40a) which showed no loss in efficiency and an increase of map width compared to the case
without bleed. The shape of the supporting ribs is important as well, Uchida et al. [81] used spoon
like rib to improve surge limits and efficiency. However, Tamaki’s design changes on a cavity [78]
to improve surge line decreased the impeller efficiency (however the overall efficiency was improved
by change of the vanes setting angle in the diffuser).
Also the mass flow at which flow recirculation through the slot starts depends on the design and
especially on the distance between the leading edge and the slot and more precisely the streamwise
pressure distribution on the wall. For Eynon et al., the recirculation occurs at mass flow rates
below the best efficiency point but for Dickmann and Hunziker, the recirculation was in effect even
at an operating point relatively close to choke (figure 2.40b). Hence, the occurrence of recirculation
depends on the pressure differential between the pressure at the slot and at the reinjection location
which will highly depend on the location of the slot because the wall pressure increases as the flow
receives work going through the impeller.
Figure 2.41: Left: Effect of the casing treatment on reverse flow control
Middle: Effect of width of the suction slit on reverse flow
Right: Effect of combination of the casing treatment and the VIGV on reverse flow [46].
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Similarly to what was measured on axial compressors, the slot in the inducer acts as a flow
removal feature reducing or suppressing low momentum flow at the tip of the blades that otherwise
creates blockage and increases instability levels. For example, as it can be seen on the left of figure
2.41, the implementation of the slot removed the back flow at the blade tip upstream of the slot.
Moreover as Yang et al. [97] showed the implementation of the slot eliminated the fluctuations
near the blade tip at the onset of stall (figure 2.42).
Figure 2.42: Blade static pressure at 90% span (left: solid casing case, right: inlet recirculation
case) [97].
Other researches (numerical and experimental) have added VIGV or included vanes at the cavity
outlet or in the cavity itself in order to control the swirl created by the recirculating flow. Because
the flow going through the slot comes from the impeller it has a strong tangential component when
it enters the cavity so it induces a pre-swirl by default.
Yamaguchi et al. [96] and Tamaki et al. [78] studied the implementation of vanes at the outlet
of the cavity. No vanes (inducing a pre-swirl), straight vanes (inducing no swirl), and tilted vanes
(inducing a counter-swirl) configurations were tested (figure 2.43a). The surge line was improved
without impact on the efficiency. For Tamaki et al., the range of operation is improved by the
bleed system by delaying the occurrence of the shock wave. The interaction between tip leakage
flow and detached shock spreads a low energy region over the impeller which is one of the reasons
for the deterioration of the compressor performance and stability. In both compressors, the best
results were obtained with counter swirl flow: the counter-swirl recirculation increased the relative
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(a) Configurations of casing treatment [96].
(b) Structure of the compressor with VIGV and
casing treatment [81].
Figure 2.43: Casing treatment configurations with inlet swirl control.
velocity and the work coefficient moving the shock further downstream which was more beneficial
than the reduction of flow incidence obtained with pre-swirl.
A combination of VIGV and inlet recirculation with deswirlers at cavity outlet was studied by
Ushida et al. [45] [46] [81] (figure 2.43b). The use of VIGV improved the surge limit shifting the
map towards the left but with efficiency loss as it was seen before in other studies (see paragraph
2.5.2). The reverse flow near the tip clearance is believed to be closely related to surge limit hence its
control is effective to improve the surge limit. As it can be seen in figure 2.41, the flow recirculation
reduced the tip back flow in the impeller which was further reduced by the swirl induced by the
IVG. And therefore the improvements in surge line.
Finally, even if most of the design for the suction location are made of an axisymmetrical
machined slot on the shroud wall, other shapes were studied. For example Mohtar et al. [64]
(experiments) and Xu et al. (comptutations) [95] studied the implementation of holes. For Mohtar
et al., the design (figure 2.44a) gave slightly higher pressure ratios and slightly better surge limit
at low speeds but worsen the surge limit at high speeds (figure 2.44b). It was attributed to strong
inducer stall caused by flow disturbance owing to the mixing between the recirculated and the
incoming flow. It was suppressed by extending the length of the inner shroud wall. Hence the flow
mixing between the recirculated flow and the main flow is important for the stability. For Xu et al.,
the implementation of the holes increased the pressure ratio and showed efficiency loss at high flow
only (up to 1.46% for 3mm hole). Overall the holes affected little the aerodynamic performance but
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increased the stable range figure 2.45a). The recirculation only occurred for mass flow below the
design point and the amount of recirculated flow increased with the hole diameter and was close
to 0 near the design point (figure 2.45c). The flow patterns in the holes is almost axial for 1mm
diameter holes and becomes spiral as the hole diameter is increased (figure 2.45b).
(a) Holed casing treatment.
(b) Comparison of baseline, MWE2 and MWE2+L
configurations (MWE2 has 30 2mm-diameter holes
and +L corresponds to an extended inner shroud
wall).
Figure 2.44: Implementation of holed casing treatment [64].
(a) Performance curves.
(b) Reinjected flow pattern in
the holes.
(c) Flow amounts in the holes for
the five cases.
Figure 2.45: Holed casing treatment effect [95].
Since the volute creates a pressure distortion in the diffuser that extends upstream to the
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impeller, another design consisted in machining a non-axisymmetric slot. This approach is applied
by Yang et al. [98] and [99] who tested different axisymmetric and non-axisymmetric positions
for the slot location with respect to the location of the leading edge of the impeller (figure 2.46a).
The distance between the main blade leading edge and the rear groove (Sr) has a great impact on
the surge line (figure 2.46b) and the non-axisymmetric SRCT has a larger potential for stability
improvement (10% better than symmetric case, figure 2.46c). The largest surge limit improvement
was achieved matching the largest Sr position with the minimum circumferential static pressure
in the vicinity of the leading edge of the splitter blade. Despite the feature helps reducing the
circumferential flow distortion at the inlet of the main blade, it has little impact on the flow field
in the diffuser itself.
(a) Circumferential distribution of
slot for different SRCT.
(b) Comparison of surge flow rate
for compressor with symmetric
SRCT.
(c) Comparison of surge flow rate
for compressor with
non-axisymmetric SRCT.
Figure 2.46: Effect of slot location on surge line [99] (Sr is the distance between leading edge and
slot, the tongue is located at 47.3◦).
Another paper by Semlitsch et al. [71] presents numerical results on a full stage turbocharger
centrifugal compressor computed with LES (large eddy simulation). The compressor used in the
study has the same geometry as the compressor studied in this dissertation and the experimental
data used for the validation is part of the measurements that will be presented further on. The
computation was done on the compressor comparing the base case with a casing treatment (allowing
flow recirculation at the inducer tip) and a case where this recirculation was prevented by modeling
a solid surface at the entrance of the bleed slot. This comparison is similar to the experimental
approach taken in the present work to compare the performances and behavior of the compressor
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with and without recirculation. From the numerical study, it was shown that significant mass flow
is recirculated even at best efficiency operating condition but is more important near surge. At
low mass flow rates, the operation of the compressor was more stable with the bleed slot open as
it allowed removal of unsteady flow and the pressure ratio produced is higher. However the overall
efficiency is lower due to the mixing losses occurring at the exit of the recirculation cavity. Moreover
due to the geometry of the cavity, jet-like structures are present in the mixing region. They increase
the mixing losses and the penetration length of the recirculated flow into the inlet pipe. It was
also found that because the disturbances created at the inducer are propagated through the entire
compressor, reducing the flow instabilities in this region stabilizes the entire compressor stage.
As seen many different ways to extend the stable range of operation for centrifugal compressors
have been explored in the past decades. Some involve active control of the system surge phenomenon
itself, others by changes of design in the diffuser or the impeller, others by a suppression or delay
of the inducer instabilities by modifying the swirl entering the impeller or by flow recirculation.
Modifications of the geometry change the performances of the compressor and the improvements
in the stable range then become a trade-off: the range of operation is extended often at the cost
of pressure rise or/and efficiency. Sometimes, particularly for turbocharger compressors, relatively
small losses in efficiency are acceptable for range extension. The introduction of swirl with IVG
is an effective way to change the surge limit. However to have an effective improvement on the
entire map, it is necessary to have a variable geometry which increases the compressor complexity
and imposes an additional control for the system where this compressor is implemented. One of
the advantages of the inlet recirculation casing treatment is its self-adaptiveness: flow can go one
way or another depending on the mass flow through the compressor (improving both surge and
choke limits) and higher pressure ratios will drive higher recirculation mass flow. Therefore no
further control implementation is necessary for the compressor with this method. Recently, the
combination of inlet recirculation and inlet swirl has become a trend in surge margin extension
research; the recirculated flow being used as a source for swirl generation. Nevertheless efficient
designs for IGV and recirculation casing treatments are required to limit the losses they induce
which still makes it an area of interest for further research. The studied turbocharger compressor
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features an inlet recirculation casing treatment (figure 3.3) without control on swirl, and mixing of
recirculated and incoming flow.
The last section of the chapter will present the PIV technique and some of its applications on
compressor measurements.
2.6 PIV in Turbomachinery
Particle Image Velocimetry (PIV) is a flow visualization measurement technique that allows velocity
field measurements in a transparent fluid. Its ability to measurement instantaneous flow fields makes
it very interesting for a wide range of applications. Part of the initial and planned measurements are
velocity fields obtained using the PIV technique. Therefore its principle and then some applications
to compressor flow field measurements will be presented.
2.6.1 PIV Principle
The basic principle of PIV is to take two images of particles in a plane with a short known interval
of time in between. The velocity is then evaluated by calculating the displacement of the particles
between the two measurement times. Figure 2.47a depicts the different components of a PIV system
which will be explained in more details in the next paragraphs.
(a) System Components for
Particle Image Velocimetry [58].
(b) Cross-Correlation principle
and application for PIV [57].
(c) Influence of angle of view on
the accuracy of the measurement
and stereoscopic PIV schematic.
Figure 2.47: PIV Principle.
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a. Seeding
Since PIV relies on the visualization of tracers in the flow, the medium must be seeded with solid
particles, droplets or bubbles. The small particles are assumed to follow the flow closely. To
evaluate how well a particle will follow the flow dynamics, one can to calculate the Stokes number
which represents the behavior of particles suspended in a fluid flow. When it is less than 1, the
particles follow the streamlines closely. Moreover to be able to ’see’ the particle, their refractive
index should be different from the fluid under investigation, hence the laser sheet incident light
will be scattered towards the camera making the particles visible. Typically, in water, glass beads
(coated or not), polystyrene or aluminum flakes or air bubbles (if the buoyancy can be neglected
with respect to the fluid motion) can be used for seeding. For gases such as air, oil droplets are
very common as well as aluminum oxide in combustion measurements.
The choice of the particle size depends on two factors: they should be small enough to follow
the fluid motion and large enough to scatter sufficient light from the laser to be seen by the camera.
The motion of the particles is dominated by Stokes drag and settling or rising effects. The particles
scatter the light mostly by Mie scattering so the amount of light deflected is proportional to the
square of the particle diameter. Finally, the amount of particles is determined by sufficient quantity
in the area of interest but without modifying the fluid’s motion.
b. Double Pulsed Laser and Optics
To illuminate the particles, a source of light is needed. Usually lasers are used due to their ability
to generate high-power light beams (for sufficient illumination) with short pulse durations. Two
pulses with a given precise time interval in between are required. The pulse duration needs to be
short for each frame so the image is not made blurry by picking up the particle motion, similarly
to the use of a flash for a picture in a dark environment. Thence two laser pulses illuminate the
particles with a short time difference. Typically in macro PIV set-ups, Nd:Yag lasers are used.
They emit at 1064 nm wavelength and at its harmonics (532, 266 nm,...). In general, for safety
reasons, only the 1st harmonic (532 nm) is used since it is the only one in the visible range.
To create a sheet of light from the laser beam, the typical optics arrangement is a combination
of a spherical lens and a cylindrical lens. The cylindrical lens opens the laser beam in a single
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direction and controls the size of the sheet. The spherical lens controls the thickness of the laser
sheet. It is critical for the sheet to be as thin as possible since PIV does not, in general, measures
the component of the velocity normal to the plane. The minimum thickness is on the order of the
laser wavelength but a thicker sheet may be necessary if there is flow motion normal to the plane.
Indeed, it is necessary for the particle motion detection that the particle stays in the illuminated
zone. Otherwise the particle would go through the light sheet and would not be captured by both
laser pulses. Due to the statistical approach of the PIV analysis, it is necessary that most of the
particles stay in the laser sheet between the two pulses of light. In order to ’carry’ the light to the
measurement location, a fiber optic cable or a set of mirrors may be used.
c. CCD Camera
The PIV analysis requires the two light exposures to be recorded on the camera. A few decades
ago, the cameras where not able to capture the two exposures onto two separate frames and the
resulting image was a double exposed single frame. The analysis then involved an auto-correlation
which left the direction of the flow unresolved. Nowadays, fast digital CCD cameras are commonly
used allowing the capture of the two frames separately up to a few ns between the frames. In
general, the acquisition rate is limited by the transfer time to the computer for data storage for
each pair of images. The adequate lens for the camera has to be selected to focus on and visualize
the particles within the measurement area.
Typically, the position of the camera should be 90◦ to the plane of measurement. Sometimes
the experimental set-up requires that the camera is set at a different angle. Corrections of the
deformations have to be applied with a proper calibration (matches the pixels position to the
distances in the real world) to account for the distortion. However, if a significant fluid motion
normal to the plane is present error in the calculated velocities can be large. This is illustrated in
the schematic representing the stereoscopic PIV cameras set-up (figure 2.47c). Considering only
one of the cameras, the motion ’seen’ by each of the cameras is very different which is the base for
the stereoscopic PIV principle.
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d. Synchronizer
Highly accurate electronics act as an external trigger for both the laser and camera(s). Analog
systems have been used in the past (photosensor, rotating aperture...) but nowadays, most systems
are digital. Hence time delay between pulses and laser timing can be controlled with respect to the
camera’s timing. This is critical to determine the magnitude of the fluid velocity with the analysis.
Several flash lamps, Q-switches and camera triggers can usually be controlled simultaneously.
e. Analysis
After the data have been acquired, they need to be analyzed to calculate the flow velocity field.
Figure 2.47b illustrates the analysis process. The recorded images are split into small interrogation
windows (typically between 64× 64 pixels and 16× 16 pixels). For each of these windows, a cross-
correlation is calculated between the two consecutive frames. The highest peak corresponds to the
most probable displacement of the particle during the time interval and the fluid in this area since
the particles are assumed to follow the flow. From the knowledge of the displacement in pixels ds,
the relation between physical distance and image deformation Scale, and the time delay between
the two frames dt, it is possible to calculate the velocity of the fluid in this specific region:
V [m/s] = ds[pixels] ∗ scale[m/pixels]/dt[s]
Calculation of the velocity for each of the windows of interrogation leads to a complete instantaneous
velocity vector field for the specific time the images were taken. Recording numerous pairs of images
(typically from a few hundreds to a few thousands) allows the evaluation of average velocity vector
field and the use of statistical tools such as RMS.
Good acquisition practices suggest that the best results are obtained when there are at least 6
particles per window of interrogation, the displacement is on the order and less than a quarter of
the full window, and the particle size is between 2 and 4 pixels. Thus the time delay, dt, has to
be chosen such that the particles displacement can be captured (dt not too small) and such that
it not too large (dt not too large). The adjustment of this variable is critical to reduce the error
in the measurement. In the case of measurement where both high and small velocities are present,
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accurate evaluation of the velocity in the entire filed is a challenge.
f. Stereoscopic PIV
Classic PIV arrangement leads to the measurement of the planar velocity field (2D2C, for 2 di-
mensional, 2 components) but it is often interesting to evaluate the velocity across the plane as
well. Using two cameras set at an angle different from normal to the laser sheet plane, it is possible
using the principle of stereoscopic imaging to evaluate all three components in the plane (2D3C),
similarly to what the human eyes use to have depth perception. Figure 2.47c shows a schematic of
the displacement as seen by the two cameras set at an angle.
The calculation of both camera projections allows the reconstruction of the ’real’ particle dis-
placement inside the measurement area, leading to the evaluation of all three components of the
velocity. A lot of care has to be taken so both cameras are focused on the same spot in the flow
and are properly calibrated to have the same point in focus.
g. Advantages and Drawbacks of PIV
One of the main advantages of velocity measurements with PIV is that it is a non intrusive method
(contrary to pitot probes or hot wire for example) and does not disturbs the flow as long as the
tracer does not impact significantly the properties of the fluid. Moreover PIV has a good spatial
resolution: it gives instantaneous velocity fields measurements and the accuracy can be up to
0.1 pixel of displacement on an average vector field. However, the temporal resolution is in general
relatively poor (time between recorded frames in the order of 200 ms) but the latest high speed
PIV systems have greatly improved this aspect.
Yet the validity of the measurement is based on the axiom that the tracers follow exactly the
fluid which can be wrong for large velocity gradients (for example in supersonic flows with shock
waves). The angle of view (if the camera is not normal to the plane) can create a distortion if there
is a velocity component across the plane of measurement. Also to use this technique, it is necessary
to have an optical access both for the laser sheet and the cameras which can be difficult in closed
spaces. And for the particle to be visible, the background has to be invisible for the camera ro at
least dull enough so that the only sharp visible edges on the image correspond to particle. The
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background can be subtracted if it is stationary but moving backgrounds (in turbomachinery, with
vibration, ...) are more problematic. To reduce the visibility of the background, fluorescent paint
(with absorbing range including the laser wavelength) can be applied to reduce the light scattered
by any surface in the field of view and filters put on the cameras to filter out any source of light
with a wavelength different from the laser (the emittance spectrum of the fluorescent paint has to
be out of the range of the filter). Finally the usage of Class IV laser typically used in PIV systems
can be potentially unsafe and the laser and electronic devices composing the system render the full
system costly.
h. Other Types of PIV
Principle of PIV has been extended with other techniques improving the measurement capacity.
Typically, the speed of acquisition in the order of a few Hz but higher speeds systems with high
speed CCD cameras have been developed and are now available. They can acquire data up to a few
kHz providing time resolved velocity flow field measurements. Volume tomographic PIV measures
particle displacement in a volume allowing 3D3C velocity field measurements.
2.6.2 PIV Applications
With its ability to measure instantaneous and average velocity flow fields with good spatial resolu-
tion, PIV is well suited for measurements in turbomachinery. Wernet [86] showed how PIV could
be successfully used in blade passage region of an axial compressor and in the diffuser of a transonic
centrifugal compressor. He obtained instantaneous velocity vector maps during surge occurrence
in the radial vaned diffuser (figure 2.48) which yielded a good comprehension of the flow reversal
occurring during the pressure break-down.
Voges et al. [84] also used PIV in the vaned diffuser of a centrifugal compressor and demon-
strated the possibility of using stereoscopic PIV to obtain all three components of velocity on their
apparatus. A schematic and picture of their set-up is presented in figure 2.49. After the optics used
to create the laser sheet, a periscope and a mirror are placed to direct it to the area of measurement.
The same group also performed PIV measurements in the casing treatment for an axial compressor
[85].
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Figure 2.48: Pressure time history during a surge event is shown at the top.
(A) normal flow before the onset of surge; (B) reverse flow field at the peak of high-pressure surge
cycle; (C) reverse flow field on the falling edge of the high-pressure surge cycle; (D) reverse flow at
the transition between the high- and low-pressure portion of the surge cycle. (E) initiation of
forward flow in the diffuser; (F) minimum pressure and peak velocity in diffuser; (G) pressure
recovery and flow deceleration in the diffuser; (H) end of surge cycle and return to presurge
conditions observed in (A) [86].
Figure 2.49: Schematic of the compressor stage and the PIV setup [84].
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More studies using PIV to measure velocity flow fields in compressors have been published (for
example Liu et al. [61] and Woisetschla¨ger et al. [92]). But due to the necessity of optical access
to the area of measurement, the data are mostly limited to research compressors with relatively
simple geometry or modified versions of compressors used in real world.
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The periodic pressure breakdowns induced by the surge and rotating stall phenomena have been
broadly studied and modeled. But the actual instability origin that triggers the reverse flow is not
clearly define. Depending on the compressor and/or facility, the ultimate destabilizing instability
can start in different parts of the compressor (impeller, diffuser, volute) depending on the design
(how much work is transferred to the fluid in the impeller, the pressure rise in the diffuser...), the
rotational speed (impeller or diffuser stall occurrence at low mass flow), or even the elements before
and after the compressor (surge depends largely on the downstream volume, IGV can change the
performances). In this study it is proposed to find the origin of the instabilities developing at low
mass flows with and without inlet recirculation. It is expected the main source to be different for
the two cases as the surge limit is affected by the implementation of the device.
The researchers do not agree on the best way to reduce instabilities and improve the surge
limit by using inlet treatments (recirculation, inlet swirl...). Some studies suggest that pre-swirl
reduces impeller stall by decreasing the incidence angle and the relative velocity, others that more
stability is achieved by using counter-swirl because it increases the work coefficient which has an
impact on the tip clearance vortex. Yet there is a consensus on the fact that there is a loss in
efficiency in any casing treatment and it can only be reduced by careful design. To quantify the
effectiveness of a design it is important to understand the flow behavior and patterns associated
with the recirculation device.
Thus comparison of the same compressor with and without casing treatment is necessary to as-
sess its impact on the behavior and the stability. The comparison needs to include both the dynamic
behavior and flow patterns. The dynamic study will give information on what type of phenomena
(stationary stall, rotating stall...) are affected by the change and a flow field visualization will help
improving the design by pointing at flow irregularities.
Moreover the surge limit definition in compressor mappings is rarely clearly defined. This
can be an issue in evaluating the effectiveness of a map width enhancement device such as inlet
recirculation casing treatment. Indeed the surge limit can be different depending on the criterion
used to define it and therefore the percentage of surge line improvement is not a reliable quantity
unless the criterion is stated.
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Chapter 3
Experimental Rig and Measurement
Techniques
The turbocharger rig at the University of Cincinnati located in the Widen Tabakoff Gas Dynamics
and Propulsion Laboratory was implemented to study the operating range of a turbocharger by
means of temperature and pressure (steady and dynamic) as well as flow visualization techniques.
The facility and its different components will be described in the next sections followed by samples
of the measurements in the next chapters.
3.1 Facility Overview
The turbocharger studied on the current rig is a Honeywell GT40 with variable nozzle turbine.
This turbocharger was selected for the study because of its relatively large size that permitted
easier access for flow visualization. The main structure of the turbocharger test rig was made of
a Unistrut metal stand supporting the turbocharger. Some pictures of the rig are shown in figure
3.1. On the left, the picture shows the front of the turbocharger with the compressor. The right
picture shows a top view of the rig with the compressor on the right, the turbine on the left, and
the connection pipes.
On figure 3.2, a schematic of the bench is presented. The power for the compressor comes from
60
Figure 3.1: Pictures of the experimental rig: front view (left) and top view (right).
the turbine which is fed with preheated compressed air. The mass flow and the temperature of the
air entering the turbine can be controlled by an electronic throttle valve and electric heaters. The
temperature at the turbine inlet is set to a desired value with a PID control loop on the temperature
at the outlet of the heaters. The mass flow is controlled by a second PID control loop based on
the rotational speed of the shaft (rpm) to keep it at a constant value. The system allows a fine
control of the rotational speed of the turbocharger shaft. The mass flow through the compressor is
adjusted using an electronic V-ball valve. Control of the rpm and compressor mass flow allow the
mapping of the compressor performances.
The studied compressor features a recirculation casing treatment at the inlet. The comparison
between the compressor with and without the recirculation port was a significant part of the work.
In order to assess the differences, the machined port could be closed using silicone to compare
accurately (same tip clearance and other geometric dimensions) the two cases (see figure 3.3).
3.2 Compressed Air System and Heaters (Turbine Inlet)
Because of its very stable flow conditions (within 0.1% RMS), the low pressure air system of the
laboratory is used to feed the turbocharger facility. This system has a storage capability of two
metric tons of air at 1.2 MPa and uses a 55 kW Atlas-Copco rotary screw air compressor with
a volumetric flow capacity of 0.16 kg/s. The storage tank is connected to the laboratory air
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Figure 3.2: Turbocharger facility schematic.
Figure 3.3: Ported shroud compressor with slot opened (left) or closed (middle) mounted with a
bell mouth. On the right, a picture of the sealed slot.
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distribution via an isolation valve and a Norgren pressure regulator, which feeds a 2” air supply
line. The approximate recharging time of the storage tank is of 5.2 kPa/min. While in use for the
turbocharger facility, the low pressure line allows an air delivery at a maximum mass flow rate of
0.26 kg/s at 830 kPa above ambient with precisely controlled pressure, temperature and humidity
levels. This capability allows experimentation in conditions that matched the operation levels for
turbine turbocharger applications with relatively cold air.
The air MFR supplied by the low pressure system to the turbine is measured by an EPI Master
Touch flow meter series 8000MP/NH, which delivers volumetric flow rate in Standard Cubic Feet
per Minute (SCFM). The standardized values used to correct the flow are an air temperature of
293 K and a standard pressure of 101,325 Pa. The control of the turbine inlet mass flow rate
is obtained through the use of an electrically driven throttle valve (FlowTop manufactured by
Flowserve). Description of the electronic connections and signal conditioning of the apparatus are
discussed in the acquisition section 3.6.
Two electric flanged in-line air heaters mounted in series are used downstream of the throttle
valve to preheat the air entering the turbine to increase the volumetric flow rate and match better
the conditions in a real application (the turbine normally receives hot exhaust gases from the engine,
typically around 800 K). Both heaters are manufactured by Sylvania, the first one has a power of
96 kW and the second 72 kW. The maximum temperature allowed is 1033 K (1400 F) and the
maximum mass flow rate is around 0.3 kg/s. During testing, the range of mass flow rate usually
ranges from 0.12 kg/s to 0.28 kg/s, and the temperature is set around 200 C or less.
The control of both the valve opening and temperature of the air enables to precisely choose the
power delivered to the compressor through the shaft allowing control of the rpm typically within
± 150 rpm. The characteristics of the incoming air are gauged approximately 220 mm upstream
of the turbine inlet.
3.3 Oil System
The journal bearings in the center housing need lubrication for proper functioning. An oil flow
network for the turbocharger facility was built in order to provide enough pressure and mass flow, or
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a surplus of lubrication if not adequate, to the axis and bearing system. The oil system components
were essentially arbitrary and consist of a closed loop with a motor pump (manually powered on
and off) driving the oil pump to move the oil from the tank to the turbocharger center housing and
back to the tank. The flow is directed either towards the turbocharger or to an overflow line with
a back pressure regulator used to control the oil pressure in the line going to the bearings. The
back pressure regulator on the oil system is set manually. The line into the turbocharger features
a pressure gauge so that the user can monitor the regulator performance. A hydraulic accumulator
absorbs the pressure oscillations due to the pump and measurement of the flow conditions upstream
of the turbocharger are obtained with a type T thermocouple for the temperature, a Druck static
pressure transducer model PMP-4065-A276 for the pressure, and a Hoffmann flow meter for the oil
mass flow rate. The lubricating oil (standard engine synthetic oil 10W-40) enters the turbocharger
center housing via a 0.5” hose and exited by a 1” hose. The diameter at the outlet is larger to reduce
back pressure and leaks through the seals into the housings. The oil flow exiting the turbocharger
is filtered with an oil filter (20 µm rating).
Hence this system permits a continuous oil flow lubricating the rotating elements of the tur-
bocharger. The characteristics of the system are such that it agreed with mounting requirements
from the turbocharger manufacturer.
3.4 Compressor Piping Connections
3.4.1 Compressor Inlet
Several configurations can be mounted at the inlet of the compressor. In typical performance gas
stands, the configuration includes a long straight pipe enabling precise measurement of the incoming
mass flow rate, pressure and temperature for performance mapping. But this type of mounting is
not ideal for direct flow visualization. Hence short inlets with a bell mouth have also been tested
to allow easy optical access. The mounting with a 95 mm diameter (inlet diameter) bell mouth
in figure 3.4 shows the mounting used for the planar flow measurements (PIV) at the inlet. The
bell mouth is used to eliminate randomness in the compressor incoming flow and insure smooth
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Figure 3.4: Different inlet arrangements (left: Bell mouth, right: Pipe).
entrance of the air. Other types of inlet including double pipe inlet or featuring honeycomb were
also used to force the inlet flow patterns (see chapter 6).
Because of the variety of possible inlets, only the temperature and pressure are measured at the
inlet of the compressor and the mass flow is measured at the outlet. A type T thermocouple was
mounted approximately 300 mm upstream of the bell mouth or the pipe to measure the temperature
of the air entering the compressor. The ambient pressure is known using a barometer placed in the
laboratory, the ambient lab atmospheric pressure was noted down before every set of measurement
and used as the inlet total pressure and is assumed constant during the duration of each test.
3.4.2 Compressor Outlet
The air flowing through the compressor is discharged in the exhaust piping system as depicted
in figure 3.5. The arrangement on the left is the regular piping system and is used by default
except when indicated otherwise. A mounting using two clips is used to attach the compressor
scroll exhaust to the compressor outlet diffuser adapter and piping. Downstream along the piping,
a back pressure regulator (manufactured by Mcjunkin Redman Corporation and featured a 60◦
V-Ball system controlled by a Valvcon electric actuator) is mounted to control the MFR through
the compressor changing the valve opening, which induced a variation in the pressure ratio across
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Figure 3.5: Compressor outlet mountings. Left: regular piping, right: short outlet piping.
the compressor. The compressor outlet piping is composed of a 2.5” pipe that reduces to a 2”
pipe about half way to the valve. The first straight section of the pipe has two sockets for flow
measurements: the dynamic pressure is measured with a high frequency response Kulite transducer
approximately 150 mm downstream of the compressor outlet section and the static pressure and
temperature of the exiting flow are measured 200 mm downstream of the dynamic pressure location.
On the rig, the MFR can be evaluated in two different ways: using the pressure drop across the
valve for a given position (which gives a fairly accurate measurement once calibrated) or with an
orifice plate mounted on the outlet piping (which requires the reading of two additional pressures)
downstream of the back pressure regulator. In this application, the orifice plate is a square-edge
hole type bored in a flat thin plate manufactured from TRI FLO TEC, inc. The plate is mounted
approximately 2280 mm downstream of the back pressure regulator (see figure 3.5), concentric
to the piping, to form a flow restriction. The recommended straight pipe length upstream and
downstream of the orifice plate (respectively 10 and 5 pipe diameters) was respected to assure an
accurate estimation of the mass flow. The plate dimensions are: inside plate diameter d = 77 mm
and inside pipe diameter D = 101.6 mm giving a β-ratio of β = dD =
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101.6 = 0.7577 at 287.44 K.
The error on the mass flow measurement is estimated to less than 1% with this apparatus
based on the range of common acceptance. The actual measurement of the pressure (POP ) and
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temperature (TOP ) upstream of the orifice plate uses a Druck static pressure transducer model
PMP 4069 and an Omega type T thermocouple respectively. The differential pressure across the
orifice plate (∆POP ) is measured via a Druck pressure transducer model PDCR 920 located on
the flange upstream of the orifice plate, for which the reference pressure is connected to the flange
downstream of the orifice plate. The resulting value is the variation of pressure between the pressure
taps located in each flange surrounding the orifice plate, thus the differential pressure. The detail
of the equations used for the MFR calculation are given in [19].
The MFR can also be evaluated using the pressure drop through the back pressure valve.
This manner was used when the totality of the amplifier channels are used for dynamic pressure
measurements with Kulite sensors due to the limited number of amplifiers (12). Hence using
the valve opening, pressure and temperature at the compressor outlet, the mass flow rate can be
evaluated. Once calibrated, this calculation gave mass flow rates within 1-2% difference compared
to the orifice plate calculations.
3.5 Oil Condenser
Due to the nature of the bearings (journal bearings), a small quantity of oil leaks through the
seals into the turbine and compressor housings. During operation, specifically at high rotational
speeds and with high temperatures, it would produce significant amounts of oil smoke. Thus,
both turbine and compressor outlet are directed through an oil condenser to remove oil particles
before release to the ambient air inside the laboratory. The air condenser used is a SMOG-HOG
electrostatic precipitator (ESP) from United Air Specialists, Inc. (UAS). ESP is a sophisticated
electronic solution that captures even microscopic contaminants such as particle oil residuals using
a magnetic field, in the ESP collection cells. Therefore, it releases only safe, breathable air back
into the atmosphere.
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3.6 Acquisition and Control System
The data acquisition and control system used to record the turbocharger operating parameters
and control both turbine air supply and compressor back pressure valves, was implemented via
two PCs with installed analog to digital (A/D) National Instruments (NI) boards. Figure 3.6
shows a schematic of the acquisition system. The facility main computer (PC1) is used to record
average values (temperatures from thermocouples, pressures from the transducers, rpm from the
shaft speed sensor, oil and turbine flow meter,...) and to control the operation of the turbocharger
(two electronic valves).
The second computer (PC2) is used for high speed simultaneous recording (up to 16 channels
simultaneously), communication with an National Instrument embedded real time controller (used
for triggering in PIV data acquisition) –NI-PXI-8186 controller embedded in a NI-PXI-1042 chassis–
and static pressure measurements using a scanivalve (sequential at various locations).
The interface used to control the facility and record data during operation is based on the NI
programming language LabVIEW. Four programs are used depending on the test performed. The
main one is used on PC1 to control the facility and acquire the main variables required to monitor
the good functioning of the system. The purpose of the control program was to make the process
of acquisition as intuitive and straightforward as possible. The program displays the values for
all the sensors and controls the opening for the valves setting the MFRs through the turbine and
compressor. The air supply valve can be adjusted manually or through a PID control loop to keep
the rpm constant. As depicted in figure 3.7, the program used a main operational window that
encompassed 4 selectable subwindows (top left part), each one of them allowing different types of
setting and measurement. One subwindow is used to set the gains and offsets of every pressure
transducer after calibration and link every transducer to a specific physical channel. The other
subwindows were used to acquire data in different ways: one records the values displays the values
on the screen with the elapsed time, another records selected channels at high frequency rate and
plots the FFT (useful to check certain frequencies during the test), and the last one records the
average values of all the sensors connected to computer PC1 for performance mapping purposes.
The second program is a data acquisition program used for the series of dynamic measurements.
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Figure 3.6: Data acquisition system schematic.
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Figure 3.7: Turbocharger facility control and acquisition program front display.
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In this program it is possible to select the sensors that will be recorded and link them to the correct
channel, and set the gain and offset of every sensor (obtained from an anterior calibration). The
sample rate and acquisition time can also be selected. However, only 14 amplifiers are physically
available for simultaneous measurements. Therefore, great attention had to be taken in order to
link the right sensor to the right channel, a different sensor being connected to each amplifier from
one test to the other. All the sensors could be then acquired during the test by a single click of a
button.The program outputs a text file with the values acquired during the specified time interval
with the specified rate.
The third program is used to record static pressure measurements from pressure taps connected
to a single pressure transducer through a scanivalve system (see section on static pressure mea-
surements 3.7.2). The gain and offset is specified from a previous sensor calibration as well as the
channel connected to the sensor. The program controls the scanivalve position through 2 digital
outputs (one to reset the position to zero and one to switch to the next pneumatic connection).
The acquisition rate, time, number of channels to be measured, and name for each of the channel
connected to the pressure taps are set on the front panel of the program. The program outputs a
text file with the averaged values at all the locations.
The fourth program used for the experiments is a phase-locked triggering routine written for
unsteady measurements within or close to surge. Further details will be provided on the use and
interest of this program when discussing the PIV triggering in 3.7.4. The general functioning of the
program can be described as follows: for a dynamic trace presenting significant and clear oscillations
at a given frequency, a trigger signal (square) is created with the same frequency with the ascending
front delayed by a fixed phase. In order to minimize the time delay between the parent signal and
the trigger signal, both signals are treaded with an embedded real time controller.
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3.7 Instrumentation
3.7.1 General Instrumentation
The turbocharger and its surroundings are instrumented to measure the parameters needed to
evaluate both compressor and turbine performances. For the conditions at the compressor inlet,
the total pressure is assumed to be at the laboratory ambient condition Pamb (measured with an
atmospheric barometer), the temperature T1c is obtained from a single Omega type T thermocouple
positioned 300 mm upstream of the bell mouth or pipe and neglecting the fluctuation from eventual
compressor reversal flow.
Due to a relatively low Mach number, neglecting the effect of swirl, the total pressure and
temperature at the compressor outlet (P2c and T2c) are assumed to be close to the static values
and are measured by a single Druck pressure transducer model PDCR 130/W/C (range from 0 to
50 psig) and an Omega type K thermocouple respectively.
Both inlet and outlet of the turbine are instrumented with temperature and pressure probes.
Approximately 220 mm from the turbine inlet, they are measured by an Omega type K thermo-
couple and a Druck pressure transducers model model PDCR 130. The flow characteristics at the
outlet of the turbine are measured at the flange adapter with a Druck static pressure transducer
model PMP 4069 and an Omega type K thermocouple.
As described previously, the MFRs through both the turbine and the compressor are measured
with a flow meter and an orifice plate respectively. The rotational speed of the shaft (rpm) is
measured using the manufacturer sensor: a center housing speed sensor (CHSS). This sensor detects
a machined flat surface on the shaft yielding a cyclic pulsed signal. A Newport Electronics model
INFCTRA-2010-R signal conditioning panel meter operating in rate measurement mode counts the
number of pulses per second and displays the value on the front panel and converts the rpm reading
into an analog voltage that can be read by the acquisition system.
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3.7.2 Static Pressure Measurements in the Diffuser
In addition to the pressure measurements at the inlet and outlet of the compressor and turbine,
static pressure taps were placed in the diffuser on three different radii in order to measure the
circumferential pressure distortion and the pressure gradient in the diffuser and their evolution
with speed and MFR. The geometry of the pressure taps and their position are shown in figure
3.8. These pressure ports were connected to a Type J48 port solenoid pneumatic pressure scanning
valve using tubulations (model TUBN-063 of different lengths) and Teflon tubing (model TFLN-
063) all manufactured by Scanivalve Inc. The scanning valve includes a solenoid controller model
CTLR2/S2-S6. The solenoid position can be controlled either manually (with push buttons on the
front panel of the power box) or through digital ports. The later was used during the measurements:
the digital ports were connected to digital outputs from one of the acquisition computer and a
program controlled both the positioning and the data acquisition. This sequentially actuated valve
is connected to a single Druck pressure transducer model PDCR 130.
The measurement locations were chosen on the back plate on three different radii. The smallest
one was chosen as close as possible to the impeller outlet on circle of radius 47 mm (exducer radius
is 44 mm and the diffuser starts at radius 45.2 mm on the back plate). The largest radius was
chosen to be close to the diffuser outlet which is at radius 75.7 mm and so it would be possible to
implement Kulite sensors on the same radius (on a spare back plate); thus the radius was chosen
at 72.4 mm. Finally the last radius was chosen in between at one third of the distance from the
impeller exit at radius 55.5 mm. This radius was chosen closer to the impeller because larger
gradients were expected in the beginning of the diffuser. Finally, pressure taps were also drilled
on the shroud side for the smaller radius in order to quantify the pressure gradient in the diffuser
height near its inlet and eventual one sided flow separation.
Figure 3.9 shows a close view of the machined pressure taps geometry. The two largest radii
are in the area of constant diffuser height but the smallest is an area with pinched diffuser. On the
shroud side, it is located near the end of the curvature that connects to the straight wall of the
diffuser. On the hub side (back plate), the taps are located in a short pinch area at the beginning
of the diffuser. This pinch is present in order to reduce the effects of the interaction between the
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Figure 3.8: Pressure taps geometry (left) and location of the measurements: side view (middle)
and front view (right). Dimensions are in mm.
wake due to impeller back and the gap between the non rotating back plate and the end of the
wheel.
The circumferential distribution of the static pressure taps was chosen to span the diffuser as
much as possible with a higher spatial resolution near the tongue position since it is known to be
the area with highest pressure gradients. Physically, it was not possible to put tubulations in the
area opposite to the tongue (bottom left in figure 3.8 left) due to the outlet for the lubrication
oil from the center housing. Hence the locations were chosen from the tongue position and two
on each side 15◦ apart. The location of the tongue was chosen as a reference at 0◦ and the wheel
rotation direction was chosen as the positive direction. The positions at 225◦ and 150◦ are as close
as possible to the oil outlet and from these to the positions near the tongue the locations were
chosen to span the circumference as equally as possible. Thus the remaining tap locations were
chosen spaced by 30◦ after the tongue and 35◦ before the tongue (see right of figure 3.8).
3.7.3 Dynamic Pressure Measurements
In order to characterize the compressor instabilities, dynamic pressure transducers are implemented
in the different parts of the compressor: at the outlet, in the inlet, in the diffuser, and in the
volute. The sensors on the compressor itself necessitated machining at several emplacements on
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Figure 3.9: Section view of the location of the static pressure taps.
the compressor housing and back plate. The position of those sensors was chosen so that it would
provide a better insight on the propagation and development of instabilities within the compressor.
The sensors used are high frequency response miniature pressure transducers manufactured by
Kulite.
The sensor excitation and signal conditioning (amplification and filtering) are achieved via
independent single channel rack mounted transducer amplifiers (units from Pacific Instruments,
model 8655AF). The amplified output signal filter setting for all units was configured in wide band
mode operation. Specification information for the amplifier system indicated a bandwidth of over
100 kHz, well in excess of the data acquisition system. Each sensor is mounted flush to the wall by
adjusting the thickness of the gasket and torque when screwing it in place.
During the series of tests, each group of sensors was acquired simultaneously with Pout as
reference sensor. However, all the sensors could not be registered all together at once due to the
limited number of excitation/conditioning units. Moreover, the sensors (two) used at the orifice
plate also need to be connected to the units to be able to evaluate the compressor MFR. Thus, each
single group was acquired separately from each other with the sensor at the outlet and only a few
sensors from other groups were added to enable comparison of the whole set of sensors. Moreover,
because Pout is common to every measurement, average and standard deviation of this sensor is
compared for each set of measurement to guarantee similar overall behavior of the compressor.
Using this comparison criterion, a good repeatability was achieved between each series of tests.
Because the offset of the sensors changes with their temperature, it is necessary to bring the
sensors to a temperature near the test temperature and reset the offset before each test to increase
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the accuracy of the measure of the mean pressure.
At the Outlet
In order to quantify the overall level of instability in the compressor, the exhaust duct was instru-
mented with a single Kulite miniature pressure transducer model XTEL-190-50G (pressure range
of 50 psig) placed approximately 150 mm from the volute outlet (Pd in figure 3.5) and mounted
flush in the inside of the pipe. This sensor (labeled Pout) is used as a reference sensor in order to
characterize the overall compressor behavior.
In the Inlet
Having in mind the importance of the ported shroud feature for the control of instabilities and
the extension of the surge margin, seven Kulite dynamic pressure transducers model XCS-190-5D
are implemented at the inlet of the compressor housing (see left of figure 3.10). Unfortunately,
due to the compressor design and the limitation in machining, the complete circumference of the
inlet could not be equipped with sensors. Therefore, only three of the four port channels could be
monitored, the upper port channel being inaccessible by ordinary machine tool due to the overhang
of the volute. The sensors were located taking in consideration the position of the supporting ribs.
Three sensors (labeled IS1, IS2, and IS4) are positioned 15◦ on the pressure side (clockwise) of the
ribs and one sensor was placed 15◦ on the suction side (IS3). This setting was chosen because the
reversal flow exiting from the slot was believed to exit the port channels with a different strength
depending on the size of the channels and non-homogeneously within the ports. Finally three other
pressure transducers are mounted on the inner wall of the ported shroud by machining through the
ribs (labeled IB1, IB2, and IB3). It is also a way to monitor if some air flow exits directly from the
impeller rather than solely from the machined slot. All the 7 locations are positioned in a single
plane 21 mm upstream of the impeller leading edge.
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Figure 3.10: Locations of the dynamic pressure sensors in the compressor housing and back plate
(from left to right: inlet, inlet and diffuser (side view), diffuser, volute).
In the Diffuser
On the diffuser back plate, a total of twelve holes were drilled and tapped to mount dynamic
pressure transducers (Kulite model XTL-123B-190-65SG) on two different radii (R1 at 54 mm and
R3 at 72.5 mm) spanning the circumference with special emphasis in the tongue region as depicted
in the middle part of figure 3.10. They are labeled R3−2 to R34 on the larger diameter and R1−2 to
R14 (skipping R1−1 and R11) on the smaller one. The labels are such that 0 represents the sensor
near the tongue position and the numbering increases following the direction of wheel rotation and
−2 is before the tongue. Emphasis was given near the tongue where highest gradient in the pressure
distribution are expected. Less sensors are placed on the smaller diameter due to the limited space
and signal conditioning units. The sensors on the two diameter are positioned on a same radius
except for R10 which is shifted by 3.5
◦ counter clockwise due to the oil inlet into the center housing.
In the Volute
Five points of measurements are implemented on the volute itself. A sensor was located as close as
possible under the scroll tongue. This was chosen so that instabilities starting near or at the tongue
could be captured. Four more sensors are added on the volute outward wall 75◦ apart in order to
capture the eventual propagation of instabilities within the volute. The location was also dependent
on where the volute wall is thick enough to be able to place the sensors. The actual locations are
presented in the right part of figure 3.10. These 5 sensors (V1 to V5) were also Kulite pressure
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transducers model XTEL-160-50G and XTL-123B-190-65SG with different lengths depending on
the location.
3.7.4 PIV Apparatus
Hardware
As mentioned in part 2.6.1, a PIV system is composed of several elements which will be described
in the following paragraphs.
Laser
The laser used for the measurement on the compressor is a Gemini dual cavity Nd:YAG laser
manufactured by NewWave inc.. This type of laser is the most common used laser type in modern
PIV systems. Nd:YAG lasers emit light at a wavelength of 1064 nm (infra-red) but the use of
a harmonic generator allows to obtain a visible green light at λ = 532 nm. Light in the visible
range is better suited for the use of regular CCD cameras and for manual adjustments. The
main wavelength is filtered out mainly for safety reasons (high intensity invisible light). The laser
provides short pulses of high energy: about 100 mJ per pulse with a maximum repetition rate of
15 Hz. The duration of the pulse is around 3-5 ns with a selectable interval time between pulses
from less than 1µs to a few seconds. The overlap of the beams of each laser is controlled by
precise horizontal and vertical adjustment of the beam combining fold mirrors. According to the
manufacturer specifications, the beam diameter at the laser output is 4.5 mm and its divergence
0.5 mrad.
To create a sheet from the laser beam, a spherical and a cylindrical lens are used in series. The
spherical lens is used to control the thickness of the sheet in the measurement area. A telescopic
set of spherical lenses which allows fine control on the thickness is used on the set-up. The cylin-
drical lens is used to spread the beam in a single direction and create a sheet. The appropriate
focal distance has to be selected to pick the height of the sheet in order to illuminate the entire
measurement area without loosing too much intensity by high spreading.
A thinner sheet is desirable because of its high energy level, yielding better scattering of the
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particles. However, the majority of the particle have to stay within the sheet between the two
successive pulses for good correlation. This requires a certain thickness depending on the flow
velocity component perpendicular to the plane of measurement. Typically, 1 mm is an adequate
thickness for classical PIV application and is the order of magnitude used for all the standard
planar PIV measurements presented here.
Camera
In the experiments, one or two thermo-electrically cooled CCD cameras with high sensitivity and
extremely low readout noise were used depending on the setting. The resolution of the sensor is
1376×1040 pixels (physical size of a pixel: 6.45×6.45 µm), and it has a range of 12 bits with a
maximum frame rate of 5 Hz. The limitation on the frame rate is due to the data transfer rate
between the camera and the controlling computer
Seeding
The flow entering the compressor is ambient air surrounding the facility. Olive oil micron size
droplets were selected as seeding due to their ease of use (non-toxic, non-volatile, and good com-
promise between index of refraction and particle size). In practice, the seeding was implemented
by atomization using a homemade Laskin aerosol seeder. The atomizer was built following the con-
struction information from Echols and Young [18]. The amount and the concentration of particles
can be adjusted by a manual valve controlling the pressure of the pressurized air.
Previous experimentation on the seeder permitted to characterize the size of the produced oil
particles. The average particle diameter ranged between 0.8 and 1.2 µm. The atomizer outlet was
mounted approximately 1.5 m upstream of the compressor inlet and connected to a 10 mm diameter
copper pipe forming a 200×300 mm rectangular frame. The rectangle piping was drilled on the
side facing the compressor inlet at 58 locations to enable spreading of the particles in the direction
of the compressor. From the particles spray locations to the compressor inlet, a 480 mm diameter
pipe was used to confine the injected particles to the volume of air entrained into the compressor
rather than spreading them into the whole testing room. This arrangement resulted in a uniformly
dispersed and suitably high concentration of flow seeding in the vicinity of the compressor housing
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Figure 3.11: Surge pressure and phase-locked trigger signals.
inlet.
Synchronization, Acquisition and Analysis
The synchronization between the laser shots and the camera exposure and recording is obtained
with a board mounted into a computer part of the commercial PIV system from LaVision. The
system is used for acquisition and processing and is controlled by the software DaVis 7.2. The
maximum PIV acquisition rate of 5 Hz is used to resolve flow structures in stable and stall regimes.
The data acquisition software also permitted to process the sets of image pairs acquired. A more
recent version, Davis 8.1, is used for the PIV calculations.
Triggering
The maximum rate of 5 Hz for the overall system is good enough for steady cases but for the
study of phenomena with higher characteristic frequency than 5 Hz, an external trigger is used.
Hence for this system since the characteristic frequency of surge is in the order of 30 Hz, the
decomposition of the flow field structure within a surge cycle is only possible by phase locking the
PIV apparatus in order to filter out noise and other instabilities and get an average of the flow
behavior during a cycle. Therefore, a real time system is used to retrieve the dynamic discharge
pressure signal of the compressor, feed it into a phase shifting program and trigger phase-constant
PIV measurements. Figure 3.11 shows a schematic of the process. The program was written using
LabView and permitted the conversion from a pressure signal to a phase-locked trigger signal. The
output trigger signal is then used by the PIV sequencer and the surge cycle could be divided in
constant discrete phase angles.
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Various Set-Ups
Several sets of measurements can be taken in different planes using standard PIV (which gives a
2 component velocity vector field in a plane - 2D2C PIV) and stereoscopic PIV (which gives a 3
component velocity vector field in a plane - 2D3C PIV). To reduce background reflections on the
pictures taken by the cameras, the parts are painted with Zinsser clear shellac paint with rhodamine
B dye. Rhodamine B is a fluorescent dye which absorption range (near 542 nm) is close to the
laser wave length (532 nm) and which reemits at a different wave length (565 nm) far enough from
the laser wave length. Using this property, filters with a narrow band width around 532 nm are
mounted on the cameras. This allows reduction of background reflections and glowing because the
laser light bouncing on the painted walls is absorbed by the dye and reemitted in a wave length
that is filtered out by the camera filters. High background intensity regions on the pictures prevent
the calculation of the velocity components.
The next paragraphs will present the different locations of the PIV measurements in the com-
pressor inlet region. The results of the measurements obtained with the PIV apparatus will be
described in chapter 5.
Cross-Flow Plane Outside of the Housing
The first set-up is performed with no modifications to the compressor housing. Figure 3.12
shows the set-up used for the measurement (set-up A). The laser plane is perpendicular to the
axis and the laser source is placed on the left of the compressor and the optics create a sheet
approximately 4 mm upstream of the compressor housing without the bell mouth. This distance is
the smallest at which PIV measurement can be taken without high intensity zones on the images.
Indeed, because the laser light is diffracted as it goes through the seeded flow, the inlet wall, made
of metal, can appear very bright although it is covered with black paint and paint with Rhodamine
B dye. Hence this arrangement allows measurements relatively close to the exit of the recirculation
channels without modification of the compressor housing. It features two cameras in order to
evaluate the velocity component across the plane.
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Figure 3.12: General PIV set-up for measurements in a plane perpendicular to the axis in front
the compressor with no inlet (set-up A).
Planes in a Recirculation Channel
To get a better understanding of the patterns of the recirculated flow inside the cavities, a com-
pressor housing with a detachable inlet with openings in the walls of the inlet was designed and
machined. The compressor housing is separated in two parts at the slot location: the inlet and the
volute. Acrylic plastic windows fitting the opening machined in the inlet walls were manufactured
(left of figure 3.13). The eight windows (one for each channel and on both the inner and outer wall)
are sealed and held in place with silicone.
The positioning of the camera and laser sheet are shown in the middle and on the right of figure
3.13. One of the set-ups (set-up B1) was with the camera placed in front of the compressor in order
to measure the flow field in the channel in several parallel cross-flow planes (middle figure 3.13).
The laser is shot from the side perpendicular to the axis of the camera and can be translated along
the axis direction. Another set-up (set-up B2) was obtained switching the position of the laser and
the camera (right of figure 3.13): the laser is shot in a plane parallel to the axis of rotation and the
camera was placed on the side of the compressor to visualize the flow patterns in the length of the
channel looking through the window on the outer wall.
Planes in the Mixing Region
In order to evaluate the effect of the recirculation on the flow at the inlet, it is important
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Figure 3.13: General PIV set-up for measurements in planes within the recirculation channels.
Left: picture of the compressor housing with Plexiglas windows mounted, middle: planes
perpendicular to the axis (set-up B1), right: plane parallel to the axis (set-up B2).
Figure 3.14: Pictures of the polycarbonate transparent inlet. Left: inner shroud with ribs, middle:
outer shroud, right: complete inlet
to be able to visualize the zone where the recirculated flow and the incoming flow mix near the
ported shroud edge. To increase the accessible area of measurement to optic measurements, a
fully transparent inlet was machined that can be mounted on the volute used in the set-up with the
acrylic windows. Figure 3.14 presents pictures of the transparent parts at the inlet. This transparent
inlet section is made out of polycarbonate (PC). PC was preferred over acrylic (PMMA) because
of its higher glass transition temperature (147◦C for PC versus 105◦C for static PMMA) for a
similar transmittance (near 90%). The inlet was designed to match the geometry of the original
compressor housing and for machining reasons, had to be made in two parts: the inner shroud with
the supporting ribs (left of figure 3.14) and the outer shroud (middle of figure 3.14). The two parts
are assembled with two M3×10 socket head screws (right of figure 3.14) and can be mounted on
the volute with four M5× 10 socket head screws through the diffuser wall.
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Figure 3.15: General PIV set-ups for measurements in planes perpendicular to the axis. Left:
with one camera for 2D2C PIV (set-up C1), middle: with two cameras for 2D3C PIV (set-up C2),
right: planes position with respect to the inner shroud edge.
Figure 3.15 shows schematics of the positioning of the camera(s) and the laser sheet for the
measurements with the transparent inlet. One or two cameras can be used depending on the setting.
With a single camera (left of figure 3.15), it is possible to see the entire section in the inlet (set-up
C1) but this only allows the measurement of the planar components of velocity (2D2C). With the
two cameras (middle of figure 3.15, set-up C2), only part of the section is accessible because the
cameras have to be set with an angle between them and the bell mouth and inlet extension hide the
sides of the planes of measurement but the three components of velocity can be measured (2D3C).
For set-up C2, the angle between the two cameras was kept as small as possible in order to
have the maximum field of vision: for a bigger angle, the bell mouth hides more the plane of
measurements from the cameras. However, as it will be explained in the next paragraph, this
increases the uncertainty on the out of plane velocity component so a trade off was made between a
maximum measured area and measurement accuracy, and the angle between the two cameras was
set to 40◦.
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Evaluation of the uncertainty of the PIV measurements
For the sake of simplification in the evaluation of the uncertainty of the PIV measurements, the
planar velocity V (in m/s) measured by the PIV (2D2C) can be expressed as
V = M × ∆Dp
∆t
where M is the magnitude factor in m/pixels, ∆Dp the particle displacement on the camera image
in pixels, and ∆t the time delay between the two laser pulses in s.
To determine the uncertainty on the velocity magnitude calculated from the PIV data, one can
use the Kline-McClintock method [54]. With this method, the uncertainty on the planar velocity
can be expressed as:
δ(V )
V
= ±
√(
δ(M)
M
)2
+
(
δ(∆Dp)
∆Dp
)2
+
(
δ(∆t)
∆t
)2
Where δ(x) denotes the error with the associated variable x. For a given set-up, once the calibration
is completed, the magnitude factor does not change unless the position of the cameras with respect
to the plane of measurement changes, in which case the calibration would be corrected. Hence
δ(M)
M is neglected compared to the other terms. In practice, the time accuracy of the laser pulse is
in the order of δ(∆t) = 1 ns. According to the study of Westerweel [87], the uncertainty on the
particle image displacement δ(∆Dp) is in the order of 0.1 pixels. Typically for the measurements
presented here, the scale factor is around 10 pixels/mm and ∆t was set to 5, 3 or 2 µs depending on
the expected maximum planar velocity. Moreover, for an appropriate choice of ∆t, the maximum
particle displacement should be 1/4 of the interrogation window size of 32× 32 pixels, or about 8
pixels.
Thus
δ(∆Dp)
∆Dp
 δ(∆t)∆t  δ(M)M and the uncertainty on the planar velocity can be simplified as
δ(V ) ≈ V × δ(∆Dp)
∆Dp
=
M.∆Dp
∆t
× δ(∆Dp)
Dp
= M × δ(∆Dp)
∆t
Hence the value of the planar velocity uncertainty is in the approximate range from 2 m/s (for
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∆t = 5µs) to 5 m/s (for ∆t = 2µs). The larger ∆t was used when no high planar velocities are
present i.e. at high MFRs and the smaller when the opposite happens i.e. at low MFRs and during
surge.
As discussed by Prasad [68], the evaluation of the uncertainty on the out of plane velocity for
the three component PIV measurements can be calculated relative to the in-plane velocity error
using the formula:
δ(∆z)
δ(∆x)
≈ δ(∆z)
δ(∆y)
≈ 1
tan(θ)
where θ is the off axis half angle.
Therefore for the PIV set-up upstream of the compressor inlet (figure 3.12), since the half angle
is 35◦, the relative error is around 1.43. This translates to uncertainties in the order of 3 to 7 m/s
(depending on the ∆t used in the measurement) on the out of plane component. For the PIV set-up
with the polycarbonate inlet, the half angle is 20◦ so the relative error is 2.75 so the uncertainties
on the out of plane component are in the order of 5.5 to 13.7 m/s.
In addition to the uncertainties due to the measurement method, the PIV calculation can also
be impaired by bright surfaces in the image background. When bright areas are present, it is
not possible for the calculation algorithm to distinguish the seeding particle from the background
resulting in erroneous calculated vectors. The surfaces near the laser sheet are prone to appear
bright due to the illumination resulting in the light scattering when the laser goes through the
seeded flow. As explained previously, fluorescent paint and color filters can be used to reduce the
intensity of the background glow but it can still be significant in some areas. These bright areas
mostly occurred in front of the PS wall and ribs for the measurements with the polycarbonate
inlet, and near the metallic inlet wall for the measurements upstream of the inlet. When the
measurements and calculations were clearly spoiled by the background brightness, the areas were
masked for the calculation and the velocities interpolated from the neighboring areas where the
measurement was accurate.
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Chapter 4
Pressure Measurements
4.1 Compressor Performance Map
Using the instrumentation described in the previous chapter, it is possible to evaluate the perfor-
mances of the compressor. The static measurements (temperature and pressure) at the inlet and the
outlet are used to create the compressor performance map. On the figure 4.1, the compressor map
is shown for open (OS case) band closed recirculation port (CS case). Overall the configurations
have similar performances and the two maps are close.
On the left side of the maps, especially for the OS case, there is a drop in the delivery pressure
(near 0.07 kg/s at 64 krpm, or 0.15 kg/s at 88 krpm). This is due to the occurrence of surge.
It appears as such because the values used for the map are the average values. Thus the large
oscillations occurring during surge translate into a significantly lower average compared to the last
operating point before surge. Where this drop on the speed lines marks clearly the surge line for
the OS case, for the CS case, the drop is more gradual. When approaching the surge line with
the later case, the compressor operation alternates between two states: relatively stable (with high
instability levels) and surge oscillations. The surge oscillations become more and more predominant
as the MFR is reduced. Again as the average is used, it shows as continuous decrease on the curve.
Hence the definition of the surge line on the map is no as clear for the CS case. Although the
housing with no recirculation seems to be stable at a lower MFR when looking at the average
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Figure 4.1: Compressor performance maps for the two housings
delivery pressure only, the instability levels are in fact quite large near the surge line as it will be
seen on the next section.
Where the shape of the speed lines is relatively classic for the OS case, for the CS case, the speed
lines show a drop in the delivery pressure near the middle of the flow range. This ’camel-back’
shape has been associated with the incipience of impeller rotating stall due to large separation
zones forming in the passages [74] and inlet tip flow recirculation at the inducer [39]. Below the
MFR where this drop in performance occurs, the PR is slightly higher for the OS case due to the
high instability levels for the CS case as it will be seen on the next section.
The efficiency (η) of the compressor can be calculated with the inlet and outlet temperatures
and pressures at each measured operating point using the following formula:
η =
T1c
(
PR
γ−1
γ − 1
)
T2c− T1c
Figure 4.2 shows the contour of the efficiency for the two cases and the difference. To create the
maps, the values of the efficiency were interpolated with constant spacing on the corrected MFR;
this way it was possible to create a mesh matching the accessible surface where the compressor
operates and to calculate the difference for a given MFR. The peak efficiency occurs near the middle
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of the range and near the same MFR for both cases. For the CS case, it occurs on the right side of
the drop for all speeds.
∆ηη
OS case CS case Difference
Figure 4.2: Contour map of efficiency for OS case, CS case, and difference. From bottom to top,
the speed lines are 52, 64, 76, 80, 84, 88, and 94 krpm.
The efficiencies between the two cases are compared on the right part of figure 4.2: the contour
represents the efficiency for the OS case minus that of the CS case. On almost all the map, the
efficiency is higher for the CS case except very close to the choke line, which corresponds here to
the highest corrected MFR that can go through the system with fully open back pressure valve.
The difference is below 2% approximately for MFRs above 0.2 kg/s. Below that value the difference
can get relatively high (up to 7% at 64 krpm near the surge line). Hence, there is a penalty in
the efficiency when using the inlet recirculation that is significant at low MFRs. As some other
measurements show (pressures at the inlet 4.4.2 and PIV measurements 5), the recirculation in the
machined slot and cavities starts at MFRs well above the peak efficiency operating point. So the
drop in efficiency can be linked to the start of flow recirculation through the bleed slot.
4.2 Maps of Instabilities
In addition to the performances of the compressor considering the mean values, using the high
frequency response pressure sensor located at the compressor outlet (Pout), it is possible to create
a contour map of the compressor overall instability levels. As it was seen in section 2.2, different
ways of evaluating the instability levels are found in the literature. Here, it is chosen to use the
standard deviation (σ) on the signal Pout using the raw or altered signal as a tool to quantify the
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overall instability levels of the compressor. The standard deviation of a data set is a measure of
the variation from the average and is expressed in the same units as the variable. Its mathematical
expression is for a signal x = (x1, x2, ..., xn):
σx =
(
1
n− 1
n∑
i=1
(xi − x)2
) 1
2
where x =
n∑
i=1
xi (4.1)
Figure 4.3 shows the contour of the standard deviation of Pout (σPout) over the performance map.
Similarly to the efficiency contour map, the black lines represent the speed lines and each dot a
point of measurement. The OS and CS cases and the difference between the two are presented. The
values were interpolated on the corrected MFR for each speed line and the contour of the difference
represents the value for the OS case minus that of the CS case. During the data acquisition on a
speed line, the MFR is progressively reduced starting from the highest possible by closing the back
pressure valve while the rotational speed is kept constant by the PID control loop.
Three separate regimes can be identified depending on the absolute value of σPout . The stable
regime, defined for σPout below 3 kPa (blue color), corresponds to normal operation of the com-
pressor with no instabilities. The stalled regime, for σPout between 3 and 8 kPa (green and yellow
colors), corresponds to an operating regime where instabilities exist but the compressor is still
operating acceptably. Finally, deep surge, for σPout above 8 kPa (red color), corresponds to the
compressor experiencing large cyclic oscillations of pressure and MFR. The values of σPout during
surge are typically an order of magnitude larger than the values in stable regime. Hence the surge
line is defined as the right part of the red area on the contour map.
On one hand in the OS case, most of the map has very low instability levels (below 3 kPa).
The transition from stalled regime to surge is very sharp with the compressor operating in one
or the other regime. This is illustrated by a very narrow band along the surge line with values
corresponding to the stalled regime (greenish to yellow colors). On the other hand for the CS case,
the transition from stalled operation to surge is more gradual with intermittent operating points
alternating between stalled regime and a state with surge like oscillations. This will be illustrated
in the section 4.4.1 by the pressure traces that show the non-constance of surge like oscillations.
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Figure 4.3: Contour map of standard deviation on raw signal for OS case, CS case, and difference.
From bottom to top, the speed lines are 52, 64, 76, 80, 84, 88, and 94 krpm.
Also the stalled regime starts at a higher MFR compared to the OS case. This is illustrated by a
wider band along the surge line with absolute value for σPout associated with the stalled regime.
On the 94 krpm speed line, one data point (at a corrected MFR of 0.308 kg/s) in the drop showed
surge like oscillations, yet not as strong as deep surge, which is showed by a greenish area.
When looking at the difference, it can be seen that σPout is close for the two cases towards the
higher MFRs on most of the map (greenish color indicates values near 0). Near the surge line,
to the right of it and at high speeds the OS case shows lower levels of instabilities (bluish areas)
indicating where the inlet recirculation is beneficial. However for the two cases, the range of the
area categorized as stalled regime increases as the rpm increases. This is due to the increase of
noise levels as the global pressure in the compressor increases but is not necessarily representative
of the increase of instabilities relative to the delivered pressure. The deep surge limit is nearly the
same for the two cases and is represented by an area with high positive values on the contour of the
difference (red color). Actually, the deep surge oscillations for the OS case have a bigger magnitude
than for the CS case because there are less instabilities to damp them. In order to better account
for intermittent behavior and noise, an altered Pout signal is used to quantify instability levels.
Hence to emphasize on the surge and stall phenomena occurring at low MFRs, since their typical
frequencies are relatively low, as well as to filter out high frequency noise due to the wheel rotation
(rpm and blade passage frequency), it is chosen to filter Pout with a 2
nd order Butterworth filter with
a cutoff frequency corresponding to 80% of the rpm frequency before calculating σ (e.g. for 64 krpm,
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the rpm frequency is 6400060 = 1066.7 Hz and the cutoff frequency is 1066.7×0.8 = 853.3 Hz).
Moreover in real conditions, the worst state between varying states has to be considered. Indeed,
one cycle of a high amplitude oscillation can have a significant effect on the surrounding elements.
Thus in case of intermittent behavior, a standard deviation by parts is more adequate than the
standard deviation on the global signal. For this reason, the standard deviation was calculated
on small spans of the entire signal and then the maximum value was retained. A time interval of
50 ms was chosen because it corresponds to a little more than a period characteristic of the deep
surge cycle for this system (frequency near 30 Hz), this way it is possible to take a single cycle into
account in the final value. This modified standard deviation of Pout is labeled σ2Pout .
Figure 4.4 shows the performance map with σ2Pout as a color contour similarly to the previous
map. The three separate regimes identified with the classic standard deviation are now more clearly
defined depending on the absolute value of σ2Pout . The stable regime is defined for σ2Pout below
2 kPa, the stalled regime for σ2Pout between 2 and 8 kPa, and deep surge for σ2Pout above 8 kPa.
The surge line is again defined as the right part of the red area on the contour map.
The stalled region is only located along the surge line and does not significantly increase with
the rpm for both cases (with the exception of the operating point at 94 krpm previously mentioned).
This region now corresponds to high levels of instabilities in the low frequency range typical of stall
and surge. For the OS case, the levels of instabilities are very low on most of the map (below
1 kPa) save for a thin region along the surge line. Whereas for the CS case, the stalled region is
wider. Another difference, where the surge line does not change between the previous calculation
and the new one for the OS case, it changes for the CS case moving to lower MFR. This is due to
the intermittent operation between stalled regime and surge oscillations that are now considered
as surge with the new calculation.
When comparing the two cases, it can be seen that on most of the map on the higher MFRs (with
the exception of the operating point at 94 krpm mentioned previously) the difference is near 0 (green
color on the contour). Close to the surge line, the OS case has lower instability levels as shown by
the negative area along the surge line (blue color). This is where the recirculation casing treatment
is effective in reducing low MFR low frequency instabilities. Hence with the second calculation,
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Figure 4.4: Contour map of standard deviation on filtered signal and by parts for OS case, CS
case, and difference. From bottom to top, the speed lines are 52, 64, 76, 80, 84, 88, and 94 krpm.
the part of the map where the casing treatment appears effective is more clearly defined. Also
by considering single surge-like oscillations in the calculation, the improvement on the stability is
highlighted by a higher difference between the two cases compared to the classic standard deviation
calculation.
As it could be seen with the two definitions for instability levels, the surge limit and the insta-
bility levels magnitude can change. Hence when studying the effect of a map width enhancement
device it is very important to define precisely the criterion for the surge margin to be able to
quantify the improvement introduced by the device.
The recirculation device at the compressor inlet improves the stability of the compressor at low
MFR. However, the efficiency is negatively affected when the recirculation occurs as the recirculated
flow receives work from the impeller that does not contribute to the outlet flow pressure increase.
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4.3 Static Pressure Measurements in the Diffuser
4.3.1 Evolution along the Speed Lines
The static pressure at several locations in the diffuser is measured using the set-up described in
the previous chapter (see figure 3.8). To evaluate the pressure recovery from the impeller exit to
the diffuser outlet, and its circumferential distortion, the average pressure on each radius and the
circumferential variation to the average (σθ) non-dimensionalized by the ambient pressure are shown
in figure 4.5 for all the measured speed lines. Since the locations of the pressure measurements are
not equidistant, to calculate the average on a radius, it is necessary to weigh the values relative to
the span they represent. Hence a weighted average and standard deviation are used. The angle
to the previous location added to the angle to the next location is used to define the weight pi.
Thus the average x and the standard deviation σθ of a set of values {xi}i=1..N placed as different
circumferential locations are defined as follow:
x =
N∑
i=1
pixi where pi =
x̂i−1xi + x̂ixi+1
2× 360◦
σθ =
√√√√ N∑
i=1
pi (xi − x)
Since the locations are placed on a circle, there is always adjacent locations (before 1 is N and
vice versa, so the weight function is defined from i = 1 to N). Since σθ is not defined for Pout, the
measured efficiency is plotted in lieu of σθ.
The evolution of the circumferentially averaged pressure in the diffuser is similar between all
the speed lines. The camel back shape observed on the outlet pressure is also present in the diffuser
for the CS case so it seems that it is due to a phenomenon occurring upstream of the diffuser. The
evolution of the pressure on R1 is not consistent with the other values especially at high MFRs: at
choke, the value is close, or above for the lower speeds, to the value at R2. It is hypothesized that
this is an effect due to the pinch at the diffuser inlet and the gap between the end of the wheel and
the start of the constant width diffuser (see figure 3.9). A low velocity flow area may be created
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Figure 4.5: Evolution of the circumferentially averaged pressure and associated σθ in the diffuser
at the four radii along all measured speed lines. The plots go by pairs for each speed.
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on that side, larger at high MFRs, increasing the static pressure by bringing it closer to the total
pressure at the diffuser inlet. At lower MFRs, the PR on each side of the diffuser (R1 and R1s)
are relatively close. Comparing the values at the different values at R1s, R2, R3 and the outlet, it
can be seen that the pressure increases on the whole range of MFR from the diffuser inlet to the
compressor outlet (the curves never collapse on each other).
The peak efficiency occurs when the pressure is the most homogeneous (lowest σθ) or at a MFR
slightly lower. Hence the overall efficiency is the highest when the volute is fitted for the MFR.
Again it can be seen that the efficiency is lower for the OS case than the CS case and that the
difference increases with decreasing MFR. The comparison of σθ for the OS and CS cases shows
that the values are relatively close on the entire range and have the same trend. σθ is higher at R1
than the other location whereas R1s is the lowest. σθ is much higher near choke than near surge:
the pressure distribution near choke is not destabilizing for the compressor unlike the pressure
distribution near surge as it will be seen later.
4.3.2 Circumferential Pressure Distribution
As shown by σθ, the deviation of the pressure with respect to the average is significant at operating
conditions away for the best efficiency point. Specific MFRs were selected corresponding to features
of interest on the performance maps: near the maximum measured flow (1), at best efficiency (2)
(also closely corresponding to the MFR on the right of the drop for CS case), in the middle of the
camel back shape or drop (3), on the left of the drop (4), and the smallest measured stable MFR
(5). The reason for choosing such positions is to compare the two cases at significant operating
conditions and identify possible differences in the diffuser pressure field that would explain the
behavior difference or relate to the camel back shape in the CS case. Figure 4.6 shows the locations
of these operating conditions on the performance maps and table 4.1 the retained values. The
values of pressures are then interpolated at these MFRs in order to compare the two cases at the
same value.
As the behavior at all speeds was found to be similar, the pressure distribution at the four
measured radii around the diffuser and the difference between OS and CS cases are plotted only at
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Speed 1. Near choke 2. Best efficiency 3. Middle drop 4. Left of drop 5. Before surge
52 kprm 244 150 144 138 42
64 kprm 305 215 186 158 63
76 kprm 367 259 222 185 99
80 kprm 387 275 234 193 116
84 kprm 408 292 248 205 134
88 kprm 428 325 271 217 155
94 kprm N/A 358 297 236 193
Table 4.1: Mass flow rates used for the comparison of static pressure in the diffuser between OS
and CS cases in g/s.
Figure 4.6: Position of mass flow rates used for the comparison of static pressure in the diffuser
between OS and CS cases on the performance maps.
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64 and 88 krpm in figures 4.7 and 4.8.
Overall, the differences between OS and CS case are relatively small (typically within 2% at
64 krpm and at 3% at 88 krpm) and most often positive as the pressure is higher for the OS case.
At higher MFRs, the PR at R1 is far from at R1s and even above the PR at R2 for the highest.
As explained previously, it is believed to be due to the pinch. Hence, most of the analysis on the
static pressures measurements will be carried using the values at R1s instead of R1 for the diffuser
inlet.
At point 1, it can be seen that for all radii there is a high pressure located after the tongue
location at 0◦ and the pressure decreases along the circumference up to before the tongue. The
pressure recovery in the diffuser is illustrated by the increase of the pressure from R1s to R2 to R3.
Looking at the differences, the locations have the same trend except from R1. The PR difference is
near 1% all around save from under the tongue where the difference is null and a drop at R1 near
90◦. According to the literature [22, 15], for high MFR, bleed slots act as an additional inlet and
no flow is recirculated. However for this compressor [27], the casing treatment has little effect at
high MFR and there is only low velocity flow in the cavities which explains why the effect of the
ribs is not seen for this MFR as it will at lower MFRs.
At point 2, the pressure distribution is rather homogeneous with a small bump near the tongue
position. This is near the minimum observed previously for σθ. The difference between R1 and
R1s becomes smaller as the MFR is reduced. The gradient across the tongue location is near zero.
On the difference between the cases, the influence of the ribs is visible in the diffuser with a major
impact at R1, R1s, and R2 and almost none at R3. At each ribs (at least for those at 0◦, 97◦, and
−102◦ as there is not enough resolution in the circumferential direction for the fourth one), the
difference is higher than in between them. This may be due to a wake effect with lower velocities
behind the ribs as less flow is recirculated for these circumferential location due to the rib presence
in the recirculation cavity.
At point 3, there is a switch in the pressure gradient sign at the tongue location as it becomes
negative and the most homogeneous pressure distribution occurs. Except for a bump before the
tongue the pressure is constant at all radii. Similarly to point 2, an effect of the ribs can be observed
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Figure 4.7: Static pressure distribution in diffuser at 64 kprm and difference between OS and CS
cases. Corrected MFRs are given in table 4.1. The rectangles mark the circumferential position of
the ribs. The plots go by pairs for each speed (top: circumferential pressure for OS and CS cases,
bottom: difference).
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Figure 4.8: Static pressure distribution in diffuser at 88 kprm and difference between OS and CS
cases. Corrected MFRs are given in table 4.1. The rectangles mark the circumferential position of
the ribs. The plots go by pairs for each speed (top: circumferential pressure for OS and CS cases,
bottom: difference).
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stronger at the highest speed and for the smallest radii.
At point 4, even though the pressure distribution is still fairly homogeneous, a low pressure
zone exists under the tongue which roughly extends up to 90◦. On the plot with the differences,
the effect of the ribs is still significant at R1 and R1s but the effect has faded at R2 and is not
visible at R3. The position of the effect has also shifted slightly to the right as the flow angle in
the diffuser reduces with the MFR and the flow direction becomes more tangential.
Finally at point 5 near the surge line, the pressure distribution is nearly constant between 150◦
and −15◦ with a large depression in between, after the tongue location. It is not clear if there is still
an effect of the ribs at 64 krpm but it is present at 88 krpm. At 64 krpm, the difference is nearly
constant at R3 around 1%, for R2, the difference is also near 1% except near 90◦ where it is higher.
A somehow similar trend exists for the difference at R1 and R1s with globally a higher difference
and a higher value near 90◦ at the end of the depressed zone. Thus the span of the depressed
zone is slightly smaller in the OS case but the amplitude of depression (between the maximum and
minimum values) is the same. At 88 krpm, the difference is largely positive between the first and
second ribs, and second and third showing the effect of the ribs. For the other two passages the
spatial resolution is not sufficient to see if the same occurs.
The evolution of the pressure distribution in the diffuser exit with the switch in the pressure
gradient at the tongue location when going from high to low MFRs has also been reported in [45]
and the depression under the tongue at low MFR in [21]. Globally, the PR for the OS case is
higher than that of the CS case by approximately 1%. Furthermore the casing treatment spreads
slightly the pressure disturbance along the entire diffuser at high MFR and only in the inlet at low
MFR. There is also an effect of the supporting ribs that seem to create a wake in the beginning of
the diffuser principally in the middle of the range. Nevertheless the differences remain small and
there is no significant difference in the pressure distribution between the two cases to explain the
reduction in the instability levels or the drop in the curve for the CS case.
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4.3.3 Characteristic Parameters near the Surge Line
In order to understand what the stability criteria at low MFR (before entering surge) may be for
this compressor, the flow angle in the diffuser and the pressure gradient near the tongue location
at low MFRs will be compared for the measured speed lines. This analysis is done solely on the
OS case as the surge limit is more clearly defined for this case.
A rough estimation of the flow angle at the diffuser inlet (station a) and outlet (station b) can
be calculated. The following assumptions are made for simplification purposes:
• The static pressure at the station a respectively b is assumed to be equal to the average static
pressure at R1s respectively R3.
• The static temperature is taken equal to the compressor outlet temperature T2c.
• The specific gas constant for air is assumed constant with valueRspecific = 287.058 J.kg−1.K−1.
• Frictional losses in the diffuser are neglected and the tangential momentum is assumed to
remain constant: rava = rbvb
• Diffuser dimensions: ra = 44mm, rb = 73.2mm, and bw = 3.88mm.
• The corrected MFR is used as MFR.
A schematic of the velocity triangle is shown in figure 4.9 and the following equations were used
to calculate the flow angle:
ρa/b =
Pa/b
R.Ta/b
Density from perfect gases equation.
Vtip =
rpm.2.pi.ra
60
Velocity of the blade tip.
wa/b =
m˙
ρa/b.2.pi.ra/b.bw
Radial velocity.
va = .Vtip where  = 1− 2
nblades
is the slip factor [63] Circumferential velocity at the diffuser inlet.
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Figure 4.9: Schematic of velocity triangles used for the flow angle estimation at the diffuser.
vb =
ra
rb
.va Circumferential velocity at the diffuser outlet.
αa/b = tan
−1
(
wa/b
va/b
)
Flow angle.
Figure 4.10 presents the calculated flow angles at the inlet (αa) and outlet (αb) of the diffuser
from the measured maximum MFR to the last measured stable operating point before surge for all
speed lines. On a given speed line, from choke to the surge line, the angle decreases with decreasing
MFR as the radial velocity is directly related to the MFR, which decreases, and the tangential
velocity, which is related to the rotational speed, remains constant. At the diffuser inlet, the angle
at the choke line is almost the same for all speeds (at 94 krpm, the highest MFR is not at choke)
near 46◦. The angle near surge increases with the rpm from 9.1◦ to 18.5◦. At the diffuser outlet,
the angle near choke decreases with the rpm from 43.1◦ at 52 krpm to 37.8◦ at 88 krpm. Near the
surge line, it increases from 8.6◦ at 52 krpm to 15.6◦ at 94 krpm. Hence the span of the flow angle
at the outlet reduces with increasing rpm.
However the surge line does not occur at a specific flow angle at the diffuser outlet for all speeds.
The way this angle is calculated can be a reason: it is assumed that the angle is constant all around.
But locally the angle is different due to the not constant back pressure induced by the volute at off
design conditions as it was seen in the previous paragraph. So it is possible that the stability limit
is linked to a specific flow angle near the tongue for all speeds. However the available data do not
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Figure 4.10: Estimation of flow angle in the diffuser at the inlet αa (left) and outlet αb (right) at
measured operating points from maximum to minimum MFR with stable operation before surge
occurrence.
permit to evaluate the circumferential variation of the flow angle. To address the non uniformity of
the pressure distribution, it is necessary to look at a more local parameter that is accessible with
the data at hand.
From the locations where the static pressure is measured in the diffuser, those near the tongue
location are of particular interest as it is where the largest gradients occur. Thence, the gradient of
pressure on R3 between the locations near 0◦ are calculated for all the measured operating points
in the stable regime. It is non-dimentionalized by the outlet pressure P2c. The expression for the
dimensionless pressure gradient between the locations θ1 and θ2 is:
d˜P
dθ 1−2
=
1
P2c
.
PR3 (θ2)− PR3 (θ1)
θ2 − θ1
The gradients immediately before (from −15◦ to 0◦) and after (from 0◦ to 15◦), and across the
tongue (from −15◦ to 15◦) were calculated and are plotted in figure 4.11 for each speed line. The
gradient across the tongue is the average between the gradient before and after the tongue. The
gradients are positive at high MFRs, due to the high pressure under the tongue near choke. Then
they decrease reducing the MFR until they become null for a MFR near the peak efficiency point
as seen previously with the circumferential pressure distribution. Reducing the MFR below that
value, the gradients become negative and decrease further.
Comparing the different gradients, the gradient under the tongue (from 0◦ to 15◦) becomes
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Figure 4.11: Pressure gradient near the tongue on R3 along the measured speed lines from
maximum to minimum flow with stable operation before surge occurrence.
negative at a higher MFR compared to the gradient before it. This is due to the fact that the
depression starts under the tongue and then extends to the location before the tongue. At high
MFRs, the absolute value of the gradient is higher before than after the tongue. This could be
because the locations at 0◦ and 15◦ are more similar because closer to a solid wall compared to the
location at −15◦.
The gradients show an asymptotic behavior when the MFR is reduced to the MFR of the last
stable point. Moreover for all the sped lines, the minimum gradient is near the same value: -0.008
before, -0.002 after, and -0.005 across the tongue. This shows that there is a minimum acceptable
gradient across the tongue below which the compressor operation is unstable. A large negative
gradient translates into a very low pressure under it. This would have a tendency to direct flow
to recirculate under the tongue instead of going to the outlet, creating a local flow blockage as the
radial velocity would be zero, and make the compressor unstable.
With the pressure taps implemented on the diffuser wall, it was seen that the pressure distri-
bution in the diffuser varies along the speed lines. Its variation is minimal near the best efficiency
MFR. Near choke, respectively near surge, a high pressure zone, respectively a low depression, is
present under the tongue. Due to its shape and the flow angle, the tongue acts similarly to an
airfoil placed in a flow [91]. The angle of attack of the tongue varies with the MFR as seen with the
diffuser flow angle calculation. At high MFR, the angle of attack is high creating the high pressure
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zone under the tongue. Near the surge line, the angle of attack is low and the pressure at the volute
outlet is high which can drive flow to go under the tongue instead of towards the outlet. The low
pressure under the tongue is probably due to this phenomenon which makes the flow unstable.
The estimation of the circumferentially averaged flow angle at the diffuser outlet did not prove
to be a good indicator of stability limit because it does not take in account local disturbances due
to the volute shape. The pressure gradient across the tongue however seems to be a good indicator
of the surge line. Yet no insight was gained on the difference in instability levels between the OS
and CS cases. The two cases showed very close behavior in the diffuser for the steady state. The
major impact of the flow recirculation observed is the ribs effect which create a slightly higher
pressure behind them.
Hence, it is necessary to investigate the dynamic behavior of the flow in order to identify the
sources of instabilities and which of them are eliminated or reduced by the implementation of the
inducer recirculation. For this purpose, the dynamic pressure transducers were implemented at the
inlet, diffuser, and volute and the results of the measurements are shown in the next sections.
4.4 Dynamic Pressure Measurements
Each of the operating regime identified in 4.2 has a different level of instability and corresponding
dynamic features that transpose in the temporal (pressure traces, wave propagations) and frequency
domain (FFT). In this section, results obtained with the dynamic pressure sensors mounted at the
exit and on the compressor itself are presented. The positions of the Kulite pressure transducers
are shown in section 3.7.3.
4.4.1 Regimes of Operation of the Compressor
The signal of the dynamic pressure sensor at the outlet (Pout) is used to quantify the instabilities
with the standard deviation. Figure 4.12 shows the pressure trace at the outlet of the compressor
filtered at 3000 Hz with a low pass centered average filter. Three operating points on the 64 krpm
speed line are presented on the figure corresponding to the three regimes identified previously. The
corrected MFRs of the operating points are the following for the OS case: stable regime 239 g/s,
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stalled regime 70 g/s, and surge 55 g/s. For the CS case, the corrected MFRs are 237 g/s, 78 g/s,
and 49 g/s.
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Figure 4.12: Pressure trace at the compressor outlet at 64 krpm for OS and CS cases for the three
operating regimes (blue represents the OS case and green the CS case).
When operating in the stable regime, the pressure shows little oscillation and noise amplitude
for the two cases as the standard deviation indicated. For the stalled regime, there is a significant
increase of the amplitude of the oscillation. The shape of the oscillation is different between the
two cases though. For the OS case, there is a single period oscillation with relatively little noise.
This frequency sometimes fades and starts again as it can be seen between t = 3.66 s and t = 3.7 s.
For the CS case, the same frequency is visible (intermittently as in the OS case) but there is also a
higher frequency that is present which makes the signal noisier. Finally in surge, the pressure signal
exhibits large oscillations. As stated in the previous section, for the OS case these oscillations are
consistent when occurring and correspond to the surge frequency. For the CS case, the surge-like
oscillations are intermittent, the compressor operation alternating with a state similar to the stalled
regime. Between t = 0.6 s and t = 3.66 s, it operates as in the stalled regime, and after surge-like
oscillations are present. The frequencies corresponding to these oscillations will be discussed later
with the FFT for these operating points in the section 4.4.2.
4.4.2 Mean and Standard Deviation of Pressure in the Compressor Housing
a. Inlet
From the recorded signals, the mean pressure and the standard deviation (σ) are extracted for each
measured operating point. Figure 4.13 shows their evolution at the inlet on the 64 krpm speed line
for the two cases. The plots represent the pressure relative to the ambient pressure.
107
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35−8
−6
−4
−2
0
2
4
6
8
Corrected Mass Flow Rate (kg/s)
Pr
es
su
re
 (k
Pa
)
 
 
OS case
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35−8
−6
−4
−2
0
2
4
6
8
Corrected Mass Flow Rate (kg/s)
Pr
es
su
re
 (k
Pa
)
 
 
CS case
0 0.05 0.1 0.15 0.2 0.25 0.3 0.350
0.5
1
1.5
2
2.5
3
3.5
Corrected Mass Flow Rate (kg/s)
St
an
da
rd
 D
ev
ia
tio
n 
(kP
a)
 
 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.350
0.5
1
1.5
2
2.5
3
3.5
Corrected Mass Flow Rate (kg/s)
St
an
da
rd
 D
ev
ia
tio
n 
(kP
a)
 
 
Figure 4.13: Evolution of mean pressure and standard deviation at the inlet along the 64 krpm
speed line.
When looking at the pressures in the main passage (IB1, IB2, and IB3), for the CS case, the
pressure is negative above 0.17 kg/s and switches to positive values below that MFR. The negative
values indicate that the flow is smoothly entering the inlet, the static pressure being lower than the
ambient due to its velocity following the isentropic flow theory. The positive values indicate back
flow coming from the impeller on the shroud side. This will be confirmed by the PIV measurements
later on in chapter 5. The standard deviation (σ) is low below 0.19 kg/s where the compressor is
in stable operation. At the transition between the negative and positive pressure, there is a bump
as the signal oscillates between the two values. Then below 0.15 kg/s, σ increases with decreasing
MFR similarly to the global instability levels which increase when approaching the surge line. The
bump in σ is shifted to lower MFR compared to the right side of the camel back shape observed
in the compressor performance map. The latter occurs between approximately 0.17 and 0.22 kg/s.
The delay in MFR could be due to the fact that the sensors are upstream of the leading edge of
the blades: a back flow occurring at the inducer tip, responsible for the loss of performance (camel
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back shape in map), has to extend up to the plane of measurement to be captured by the sensors.
For the OS case, the pressure remains negative on the whole speed line indicating smooth flow
entering the impeller (no back flow). The pressure in the OS case is also lower than with the CS
case except near the choke line where they are similar. This suggests that the velocity of the flow
in the main passage is higher in the OS case and so is the MFR entering the impeller. This makes
sense considering that flow is recirculated in the channels virtually increasing the MFR entering
the main passage. Now considering σ, we can see that it is low above 0.10 kg/s indicating stable
operation of the compressor, a larger range than the CS case. Between 0.07 and 0.10 kg/s, there is
an increase of σ for all the sensors which amplitude is smaller compared to the CS case at the same
MFRs. Below 0.07 kg/s, the compressor is operating in deep surge and σ has a high amplitude
comparable to that of CS case.
Regarding the sensors placed in the recirculation channels (IS1, IS2, IS3, and IS4), for the
CS case, since there is no recirculated flow going through the slot, the air has low or no velocity in
the cavities. Therefore it is a representation of the total pressure there. When the compressor is
stable (above 0.17 kg/s), the pressure is slightly negative as the air flow is passing in front of the
channels. When the compressor is in stalled operation (below 0.17 kg/s), the pressure is above 0
indicating a blockage on the shroud side due to the back flow from the impeller.
For the OS case, the sensors IS1 through IS4 show different behavior between the suction
side and the pressure side of the ribs. On the suction side (IS3) the pressure stays near 0 and is
slightly negative at high and low MFRs. On the pressure side (IS1, IS2, and IS4), the pressure is
slightly negative at high MFR then becomes positive and globally increases with decreasing MFR.
The absolute value for the pressure in each channel is related to the circumferential size of the
channel. At high MFR, the pressure is negative because flow enters the channels from the inlet to
the impeller. When the MFR is reduced and the recirculation occurs, flow impingements occur on
the pressure side of the ribs increasing the pressure near it, and creating pressure gradients within
the channels (from suction to pressure side).
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b. Diffuser
Similarly to the measurements at the inlet, plots using the Kulite dynamic pressure transducers
placed at the diffuser outlet (R3) with the mean pressure and standard deviation at several MFRs
on the 64 krpm speed line are shown in figure 4.14. The shape of the pressure with respect to the
corrected MFR is in some way similar to the compressor characteristic and the differences between
the cases observed on the characteristic still hold for the pressure evolution in the diffuser and is
the same as what was observed with the pressure taps: the ’camel-back’ shape is found near the
middle of the range for the CS case and the transition to deep surge is sharp for the OS case and
more gradual for the CS case. The relation between the pressures at the different locations are
analogous for both cases. At high MFRs, the pressure under the tongue is highest and decreases
circumferentially along the scroll, creating a large gradient near the tongue location. Reducing the
MFR to about 0.20 kg/s, the differences between the locations reduce until the pressure is nearly
homogeneous all around. This point is also where the efficiency is the highest on the speed line.
Below this MFR, the gradient across the tongue changes sign compared to high MFRs: the pressure
is higher before the tongue than underneath. Then the magnitude of the gradient at the diffuser
outlet increases with decreasing MFR up to the surge limit.
Regarding σ, its evolution is similar to what was observed at the inlet. For the OS case, the
magnitude stays low from choke up to the surge line with a small increase below 0.10 kg/s. For
the CS case, there is a bump in the curves around 0.19 kg/s, and below 0.15 kg/s, σ increases
gradually with decreasing MFR up to the surge limit. For both cases, surge is characterized by a
high magnitude of σ which increases with the pressure value at that location.
c. Volute
Figure 4.15 shows the mean pressure and the standard deviation measured in the volute along
the 64 krpm speed line for the two cases. Similarly to the pressure distribution in the diffuser,
the overall shape of the curve looks like the compressor characteristic. Furthermore the pressure
distribution from high to low MFR evolves in the same way as the diffuser outlet.
Near choke, the volute pressure distribution displays a large disparity with a decreasing cir-
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Figure 4.14: Evolution of mean pressure and standard deviation at the diffuser outlet along the
64 krpm speed line.
cumferential gradient of pressure from the tongue to the discharge section of the volute. Then,
decreasing the MFR, all pressures tend to increase in such manner that the gradient of pressure
from tongue to volute outlet decreases. This tendency yields a uniform volute pressure distribution
at best efficiency point near 0.21 kg/s. By further diminishing the MFR and reaching the stall
regime, on one hand the sensors labeled V 2 to V 5 present a comparable trend between each other
and the performance characteristics measured from the discharge pressure transducer Pout. On
the other hand, the sensor V1, at the tongue, exhibits a very peculiar behavior. Indeed, its value
drastically decreases when reducing the MFR. Looking at σ for V1 near the tongue for the CS case,
it appears that the instability in this region is particularly than that of the OS case. Otherwise
the evolution of σ on the speed line is similar to the diffuser, with the bump for the CS case near
0.18 kg/s weaker.
Even though surge seems to be reached at low MFR in the case of the compressor without slot,
in fact, the instabilities start at higher MFR than when the slot is opened and gradually increase
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Figure 4.15: Evolution of mean pressure and standard deviation in the volute along the 64 krpm
speed line.
such that the limit between stall and surge is fuzzier to define. The bleeding slot appears however
to stabilize this phenomenon over a broader range of operation at lower MFR. In surge, the overall
volute pressure delivery drops but the pressure distribution is maintained with V1 at a pressure
value much lower than the one recorded from all the other sensors in the volute.
4.4.3 Frequency Domain
In order to find the frequencies present at the various measured locations, the temporal signals are
converted into the frequency domain using a discrete Fourier transform (DFT). The fast Fourier
transform algorithm embeded in Matlab was used with the Matlab function fft. For a vector x
with N (even) components (the measured signal), the DFT gives X with N complex components
verifying the following equation:
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Xk =
N∑
n=1
xne
−2iΠ
N
(n−1)(k−1) where k ∈ Z
To represent the amplitude of each frequency Yk, two times the magnitude of each coefficient
Xk is evaluated:
Yk = 2×
√
Re (Xk)
2 + Im (Xk)
2
Typically the data was recorded with an acquisition frequency of 32768 or 65536 Hz for 4 s.
The recorded signal was separated into 8 blocks. On each block, the FFT was calculated and the
results where averaged. Calculating the FFT this way produces less noisy curves but with reduced
resolution in frequency.
a. Compressor Outlet
From the choke line to surge, the main frequencies vary at the outlet of the compressor. The FFT
on the signal measured by Pout for selected operating point on the 64 krpm speed line are presented
on figure 4.16. The curves are translated vertically to allow comparison of the frequencies and their
amplitude.
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Figure 4.16: FFT of the pressure signals at the outlet at 64 krpm for the OS case. From bottom
to top, the corrected MFR are 311, 239, 188, 134, 94, 77, 62, and 58 g/s
The peak corresponding to the rpm at 1067 Hz is visible for all operating conditions. Its
intensity is strong at high MFR as it is off-design, decreases near the best efficiency MFR (second
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line from the bottom), increases again with decreasing MFR, and finally decreases at MFRs below
94 g/s as other frequencies dominate the spectrum. Overall, the rpm peak intensity is stronger at
off-design conditions but is weakened by the occurrence of low frequency instabilities.
The top four operating condition show a peak near 25 Hz corresponding to surge or surge-
like phenomenon. Its occurrence is responsible for the increase of σ observed previously below
approximately 100 g/s in the different parts of the compressor. Several other frequencies with
broader peaks (e.g. near 250, 350, 500 g/s...) exist for MFRs below the peak efficiency operating
condition and their intensity increases as the MFR is decreased. These frequencies are due to
resonances in the outlet piping as it will be explained in the paragraph 4.4.4.
b. Inlet
The signals from the sensors at the inlet have been converted into the frequency domain using FFT
for three for the MFRs for OS and CS cases. The plots are shown in figure 4.17 for the 64 kprm
speed line and in figure 4.18 for the 88 krpm speed line. The curves for each sensor have been
translated vertically to compare the frequencies and their magnitude at each position.
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Figure 4.17: FFT of the pressure signals at the inlet at 64 krpm (same color legend as figure 4.13).
Operating conditions at 239, 77 and 58 g/s for OS case, and 238, 77 and 44 g/s for CS case.
In the stable regime for both cases and speeds (left columns), the main frequencies are the rpm
(1067 Hz for 64 krpm and 1467 Hz for 88 krpm) and the blade passage (10667 and 14667 Hz as
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Figure 4.18: FFT of the pressure signals at the inlet at 88 krpm (same color legend as figure 4.13).
Operating conditions at 324, 169 and 141 g/s for OS case, and 326, 171 and 131 g/s for CS case.
there are 10 blades). There are no significant differences between OS and CS cases at both speeds.
The only exception is an extra frequency that is present at 64 krpm for CS case for the sensors in
the cavities (IS1 to IS4) and IB1 near 780 Hz. Since there is no flow in the cavities for the CS
case, it is assumed that this frequency relates to a resonance in the ported shroud cavities.
Near surge (middle column), the two cases show disparities. For the OS case, a surge like
frequency near 30 Hz for 64 and 88 krpm is the main frequency along with the blade passage.
Whereas for the CS case at 64 krpm, a frequency near 250 Hz is present for all sensors even though
there is no flow in the vicinity of the sensors in the cavities. At 88 krpm, comparing OS and
CS cases there no additional frequency present in the spectrum and similarly to the OS case, a
surge-like frequency is present near 21 Hz for the CS case. Hence the presence of the slot changes
the dynamic behavior of the compressor at 64 krpm preventing the occurrence of a frequency near
250 Hz near the surge line but no similar effect is seen at 88 krpm. For the CS case, there is also
a small broad band peak below 3000 Hz.
The columns on the right are measurements during deep surge. The surge frequency varies with
the rotational speed and whether or not the slot is open. At 64 krpm, the frequency is 25 Hz for
OS case and 23 Hz for CS case. At 88 krpm, the frequency is 21 Hz for OS case and 19 Hz for CS
case. For the OS cases, the rpm and blade passage is still clearly visible, even though the surge
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frequency and/or its harmonics dominate the spectrum in the two cases, but are not present for the
CS case due to the intermittency that make the rpm difficult to stabilize. Moreover, the intensity
of the surge frequency and the number of harmonics present are higher in the OS case. Because, as
previously shown, the surge is more ”consistent” in the OS case than the CS case. At 64 krpm for
the CS case, the frequency observed near surge around 250 Hz is also present. During this operating
regime, the broad band peak below 3000 Hz is still present for the CS cases and is amplified. Also
for both cases, at 64 krpm, there is also a peak just above 2000 Hz which corresponds to two times
the rpm frequency. At 88 krpm (at 64 krpm for CS case) a peak is also present just below 3000 Hz
which corresponds to two times the rpm (close to three times for 64 krpm). It could be that the
frequency near 3000 Hz is a resonance in the ported shroud cavities that gets exited by the second
or third harmonic of the rpm. This frequency is not present in the other part of the compressor
where the dynamic pressure is measured.
Overall, when comparing the OS and CS cases, the most significant difference is the occurrence
of an extra frequency near 250 Hz near and in surge happening for the 64 krpm speed. The phe-
nomenon associated with this frequency will be studied in more details later in the paragraph 4.4.4.
c. Diffuser
The plots of the FFTs of the signals at the diffuser outlet are shown in figure 4.19 for the 64 kprm
speed line and in figure 4.20 for the 88 krpm speed line. From the bottom to the top the order of
the sensors go from near the tongue position (R30) to the end of the scroll (R3 − 2) going around
the volute.
In the stable regime (left column), the FFTs are similar between the OS and CS cases with the
rpm, its harmonics, and the blade passage frequency being the noticeable peaks.
Near surge (middle column) for both cases, the rpm and blade passage frequency peaks are still
visible. Unlike the stable operating condition, a surge-like frequency is present in the 20 to 30 Hz
range with the same value as at the inlet. Also several frequencies get more defined going around
the scroll from the tongue to the exit (R30 to R3−2). They correspond to the frequencies that were
observed at the compressor outlet and correspond to resonances in the outlet piping (see 4.4.4).
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Figure 4.19: FFT of the pressure signals at the diffuser outlet at 64 krpm. From bottom to top
the sensors from the tongue to the scroll outlet (same color legend as figure 4.14). Operating
conditions at 239, 77 and 58 g/s for OS case, and 238, 77 and 44 g/s for CS case.
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Figure 4.20: FFT of the pressure signals at the diffuser outlet at 88 krpm. From bottom to top
the sensors from the tongue to the scroll outlet (same color legend as figure 4.14). Operating
conditions at 324, 169 and 141 g/s for OS case, and 326, 171 and 131 g/s for CS case.
The closer to the scroll outlet the more these frequencies can be seen on the frequency spectrum.
Overall near surge, the two cases show roughly the same frequencies with the following notable
exceptions: at 64 krpm, a broad band frequency at 250 Hz exists only for the CS case (as it was
observed at the inlet), and at 88 krpm, a small broad band peak is present near 650 Hz only for the
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CS case with the same intensity for all sensors (contrary to the resonance frequencies that increase
toward the scroll exit). The latter is more visible on R30 (at the bottom) because the resonance
frequencies are not developed.
During surge (right column), all the frequencies observed near surge are present. The spectra
differ due to the peak corresponding to the surge frequency significantly increasing and showing
several harmonics (more for the OS case because the surge is more consistent in that case).
d. Volute
Figure 4.21 presents the FFTs of the signals measured in the volute for the OS and CS cases at the
selected three operating points for the two cases at 64 krpm and figure 4.22 at 88 krpm. In these
plots, the FFT of the signal at the outlet is added to compare with the resonance frequencies of
the piping. From the bottom to the top, the location of the sensors is from under the tongue (V 1)
to the scroll exit (V 5) and at the top Pout.
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Figure 4.21: FFT of the pressure signals in the volute and outlet at 64 krpm (same color legend
as figure 4.15 and Pout in brown). Operating conditions at 239, 77, and 58 g/s for OS case, and
238, 77, and 44 g/s for CS case.
Overall the results are similar to what was observed in the diffuser. The rpm, its harmonics,
and the blade passage frequency are clearly visible for steady operation (left column). Near surge
(middle column), a surge-like frequency is present, the rpm peak is weaker, and several resonance
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Figure 4.22: FFT of the pressure signal in the volute and outlet at 88 krpm (same color legend as
figure 4.15 and Pout in brown). Operating conditions at 324, 169, and 141 g/s for OS case and
326, 171, and 131 g/s for CS case.
frequencies get more defined as the location gets closer to the volute exit. These frequencies match
with the frequencies that are observed in the outlet piping. The frequencies that were seen with
constant intensity for all the sensors in the diffuser in the CS case, at 250 Hz for 64 krpm and near
650 Hz for 88 krpm, are also present.
In surge, in addition to the frequencies observed near surge, the surge frequency become largely
dominant and several harmonics of the surge frequency exist for the OS case whereas none are
present at 64 krpm and a single one at 88 krpm for CS case. Again this is due to the fact that the
surge oscillation is neater in the OS case compared to the CS case.
The FFT of Pout is also displayed (in brown) on these plots. The resonance frequencies present
near the exit of the scroll in the diffuser and the volute are well defined and an additional broad
band peak is visible near 2850 Hz. It is hypothesized that this frequency, which is only present at
the outlet, is linked to a resonance due to the diameter of the exhaust pipe. Such a radial resonance
would not propagate along the pipe which explains why it is not captured within the compressor.
From the study of the mean, the standard deviation, and the frequencies of the dynamic pressure
sensors located in different part of the compressor housing, it was seen that the operating regimes
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identified previously correspond to different dynamic behaviors. Hence the increase of σ with the
reduction of MFR is linked to the occurrence of a surge-like frequency (around 20-30 Hz for this
compressor and set-up). Moreover where the study of the static pressure in the diffuser showed no
evident distinction in the behavior between OS and CS cases, a difference was observed between
the two cases in the frequencies present at low MFRs: at 64 krpm, respectively at 88 krpm, a
frequency near 250 Hz, respectively near 650 Hz, are only present for the CS case. This frequency
is the same and exists in the entire compressor housing (diffuser and volute) and up to the inlet at
64 krpm. As discussed in the previous paragraph, surge is stronger for OS case which is shown in
the frequency domain by a higher magnitude and more harmonics for the surge frequency.
In the next paragraphs, the additional frequency in the CS case will be examined to identify the
corresponding phenomenon, and the surge frequency variation with the piping set-up and speed
will be studied.
4.4.4 Instabilities Near Surge Line for CS case
The purpose of this paragraph is to bring understanding to the instabilities near the surge line for
the CS case and how they vary with the rotational speed. Hence only operating points near and
along the surge lines are selected and data were recorded at eight different rpm. Figure 4.23 shows
the locations of the measurements on the compressor performance map.
a. Resonance at the outlet
Before characterizing the origin and propagation of the instabilities, it is relevant to identify the
frequencies that naturally occur in the system and particularly in the outlet piping. In the previous
paragraph in the diffuser and the volute near surge, it appeared that some frequencies were more
clearly defined as the location was closer to the scroll exit. These frequencies are also present on
the signal of Pout as seen on the FFT of the signals in the volute (figures 4.21 and 4.22).
To illustrate the evolution of these frequencies with the rpm, figure 4.24a presents the FFT of
Pout for the selected operating points near surge. Each curve represents a different speed and they
are translated to lie on top of each other. On each curve, the peak corresponding to the rpm can
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Figure 4.23: Location of selected operating points (red circles) for the study of instabilities along
the surge line for CS case
be identified. The surge-like frequency also exists for all speeds near 25-28 Hz. Overall on the
entire spectrum, similar frequencies exist for all speeds but they do not have the same intensity for
all speeds. At the lower speeds (below 84 krpm), there are two principal peaks near 120 Hz and
250 Hz. At the highest speed (101 Hz), the major peak is near 1420 Hz. At intermediate speeds,
a small broad band peak exists near 750 Hz for example at 88 krpm.
Also the various frequencies vary slightly with the compressor outlet temperature. This is more
visible on the higher range: for example there is a minor peak near 1680 Hz at 52 krpm which shifts
to 1730 Hz at 64 krpm, 1780 Hz at 76 krpm, to end at 1880 Hz at 101 kprm.
To account for this shift due to the temperature, the frequency on the abscissa is non-dimensionalized
by the following value: fvol =
a
Lvolute
where a is the speed of sound calculated with the outlet temper-
ature T2c, and Lvolute = 0.525m is the approximate circumferential length of the scroll. Figure 4.24b
(top) presents the previous FFTs with the dimensionless frequency. On this plot, each ’bump’ in
the curves are located at the same frequency. This leads to believe that the various frequencies
indeed correspond to the characteristic resonance frequencies of the outlet piping. Depending on
the speed of rotation, some frequencies get more exited than others.
In order to estimate the resonance frequencies, isolated from the compressor noise, measure-
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(b) Dimensionless frequency and comparison with
response to white noise at rest
Figure 4.24: FFT of the pressure signal at the outlet (Pout) at the selected operating points near
surge. From bottom to top: 52, 64, 76, 80, 84, 88, 94, and 101 kprm.
ments were taken with the turbocharger not running. A loudspeaker was placed at the inlet of
the compressor (without the inlet pipe) and a microphone was placed at the location where the
outlet static pressure and temperature are measured (about 220 mm downstream of the dynamic
pressure sensor location). The loudspeaker was connected to a signal generator set to produce
white noise (probably not perfect). The back pressure valve was set to the closed position. The
bottom of figure 4.24b shows the dimensionless frequency spectrum measured by the microphone.
Even though the intensity of each peak is different from what is seen on the FFTs with the com-
pressor running, the majority of them are located at a similar frequency. This gives credence to the
hypothesis that these frequencies are resonance frequencies and are not due to a flow phenomenon
in the compressor.
Moreover to show whether these frequencies are resonances from the outlet piping or from the
compressor itself, measurements were taken with a shorter outlet piping (see part 3.4.2 for detail
about the different piping and part 6 for performances of the compressor). The FFTs of Pout
from choke to the surge line are presented in figure 4.25 for 64 krpm (a) and 88 krpm (b). These
measurements were taken for the OS case.
On all curves, the peak corresponding to the rpm is visible at 1067 Hz for 64 krpm and 1433 Hz
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(a) FFs at 64 krpm. From bottom to top: 295, 232,
136, 89, 80, 73, and 50g/s.
0 500 1000 1500 20000
0.05
0.1
0.15
Frequency (Hz)
FF
T 
am
pl
itu
de
 
 
(b) FFT at 88 krpm. From bottom to top: 372, 327,
272, 172, 141, 121, and 92g/s.
Figure 4.25: FFT of Pout with shorter outlet piping for OS case. From bottom to top, operating
points decreasing the MFR from choke line to surge (last curve in surge).
for 88 krpm. The surge-like and surge frequency is present and higher: 43 Hz for 64 krpm and
33.5 Hz for 88 krpm (see table 4.2 for surge frequencies depending on the piping lengths). Similarly
to the regular piping, with this pipe configuration the intensity of the various frequencies (other
than the rpm) increases with decreasing MFR. As for the locations of the peaks, both for 64 and
88 krpm, the frequencies near 120 Hz and 250 Hz are still present but the other peaks with higher
frequencies that were observed with the previous piping are replaced by peaks at higher frequencies.
It looks like the previous FFTs was stretched: this agrees with piping resonances frequencies that
increase with reduced pipe length. Again these peaks shift slightly towards the right with decrease
of the MFR as the temperature in the compressor and its outlet increases. Hence, the frequencies
near 120 Hz and 250 Hz seems to be due to a resonance within the compressor housing whereas
the frequencies above 250 Hz are due to the outlet piping.
b. Signature of Instabilities in the diffuser and inlet
After identifying the characteristic frequencies that occur near the surge line for the CS case,
in this paragraph, these frequencies will be tracked in the compressor housing and the resulting
phenomenon will be described. The FFTs of the pressure signals at the inlet (IB3 in the main
passage) and the diffuser ( R10 near the inlet and R32 at the outlet) for the same selected operating
points previously presented for Pout are shown in figure 4.26. The results are presented in the same
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fashion (translated vertically for the operating points at different speeds).
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(b) Inlet (IB3)
Figure 4.26: FFT of the pressure signals in the inlet and diffuser for different rpm near surge.
From bottom to top: 52, 64, 76, 80, 84, 88, 94, and 101 kprm.
In the diffuser (4.26a), the evolution of the frequency spectrum with varying speed is similar
to what was calculated at the compressor outlet especially for the sensor under the tongue, R32.
For the sensor at the diffuser inlet R10 the major difference is the fact that the frequencies are less
clear. Hence the peaks corresponding to the rpm (very narrow when present) are very small or not
visible except for the highest speed 101 krpm. Yet, overall the same frequencies are present. Hence
the three main broad band peaks observed at the compressor outlet near 250, 750 and 1420 Hz can
be seen, and their intensity varies similarly with the rpm. At lower speeds, the predominant broad
band peak is near 250 Hz. At mid speeds, the three peaks have similar intensity slightly dominated
by the middle one near 750 Hz. And for the highest speed, the broad band peaks near 250 and
750 Hz do not exist and a clear peak is present at 1420 Hz.
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At the inlet (4.26b), the evolution of the spectrum with the rpm is sensibly different. The rpm
peak is only seen on the spectra for the four highest speeds (84, 88, 94, and 101 krpm). Put aside
the rpm peak, for the lower frequencies and up to 88 krpm, solely a broad band peak near 250 Hz
resembling what is seen at the outlet and diffuser is present. At 94 krpm, except from the rpm
peak, there is no distinctive frequency in the spectrum. Finally, at 101 krpm, there is a peak at
1420 Hz. Hence, not all the frequencies identified in the diffuser and compressor outlet occur at
the inlet.
Hence, the broad band peaks in the frequency spectrum for the sensor at the compressor outlet
near 250 and 1425 Hz are also present in the diffuser and the inlet. However the frequencies near
750 Hz are only present in the diffuser, closest element to the outlet, and are absent in the inlet.
In the continuation of this part, the propagation of the pressure instability associated with the
peaks/broad band peaks near 250, 750, and 1420 Hz will be studied by looking at the time traces.
However from the observations on the frequencies, it can be expected that the instabilities with the
frequency near 750 Hz will behave differently from those at 250 and 1425 Hz.
On figure 4.27, the pressure signals at the diffuser outlet (R3) are presented comparing OS
case (left) and CS case (right) for the operating points near the surge line. For visualization and
identification of pressure wave propagations, the signals are filtered at 3000 Hz with a central
average filter. This filter was preferred over more common filters (such as Butterworth) due to
the fact that it does not introduce any phase shift which is important when comparing signals
temporally between different sensors which can have several frequencies of interest. Furthermore,
the mean pressure is removed and the signals are translated with respect to their position from
the tongue around the compressor. This way of displaying the data allows to highlight potential
traveling waves. The measurements were taken on three speed lines where the three broad band
frequencies identified previously are present: at 64 krpm, 88 krpm, and 106 krpm (where the
behavior is similar to 101 krpm). Overall the amplitude of the signals is higher in the CS case as
expected from the higher standard deviation. The frequencies previously discussed are visible for
at least part of the plot for the CS case. First the signals will be described over a relatively long
time period, then the phenomena will be looked at in more details on shorter time intervals.
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Figure 4.27: Pressure time traces on various speed lines for OS and CS cases on R3. The signals
are translated vertically with respect to their position around the diffuser with 0◦ being at the
tongue. The signals are filtered with a low pass centered average filter at 3000 Hz.
At 64 krpm (4.27a), the signal for the OS case has little noise (mainly due to the rpm peak)
and the surge-like frequency can be perceived. For the CS case, the phenomenon near the surge
line occur intermittently. On the plot (right of 4.27a) up to t = 3.125s, the signal does not have
the frequency observed in the FFT and the noise levels are similar to those for the OS case. After
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t = 3.125s, clear oscillations are presents for all sensors corresponding to the broad band peak near
250 Hz seen in the spectrum.
At 88 krpm (4.27b), for the OS case, the level of noise is constant with time and remains low.
For the CS case, again the levels of variation vary with time. The surge-like frequency is present
and the amplitude of the signal is higher in the dip of the oscillation. For example, on the left
plot, up to t = 1.865s (ascending part), the amplitude of the signal is similar to the OS case, then
from t = 1.865s to t = 1.885s it increases with oscillations at the 750 Hz between t = 1.87s and
t = 1.88s, finally after t = 1.89s, when the oscillation is in the ascending phase again, the amplitude
decreases to come back to a magnitude similar to the beginning. The two oscillations relate to each
other which reduces their intensity and explains why the surge-like frequency has lower amplitude
on the FFT for the CS case compared to the OS case.
At 106 krpm (4.27c), for the OS case, surge-like oscillations are visible but the noise amplitude is
relatively small and comparable with the lower speeds considering the relative increase of pressure.
On the contrary, for the CS case, the noise levels are significantly higher. Even though it is difficult
to identify a frequency on the plot, as it will be seen later on, it corresponds mainly to the frequency
at 1420 Hz that was identified on the FFT.
c. Propagation of the instabilities
Figure 4.28 presents the pressure traces for the CS case when the oscillations are present. The left
plot shows the signals of the sensors on the larger radius R3, the black line represents a displacement
traveling at a speed corresponding to the rotation of the wheel or such that it travels the full
circumference in a time period corresponding to a turn ( 11066.7 = 0.9375 ms). The oscillations have
a time period near 40 ms and are shifted with respect to each other according to their circumferential
position following the line indicating that it propagates at a similar speed as the wheel. Also the
propagation appears to stop at the scroll exit. On the left plot, sensors on the two radii are shown
together. The pressure wave on R3 can also be seen on R1 and there is no significant time delay
between the two radial positions. Hence the pressure wave starts under the tongue and propagates
only circumferentially only ,not radially, up to the scroll exit with a speed similar to the wheel
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rotation.
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Figure 4.28: Close look at pressure trace during instability near surge for CS case at 64 krpm.
In order to better quantify the time delays between the signals, cross-correlations between the
pressure traces are calculated. Positive time delay means that the signal is late compared to the
reference. On figure 4.29, the cross-correlations between the signals of the sensors on R3 with
respect to R32 are shown. A first series of peaks on the right of 0 (roughly between 0 and 1 ms)
shows a propagation from the sensors under the tongue (R30 and R32) to R33 and then R34 that
corresponds to the propagation at the wheel speed as there are all within the period of wheel rotation
(0.937 ms). A second group of peaks exists near 4 ms (due the 250 Hz frequency) that show the
same delay between each other as the main peaks illustrating the cyclic nature of the phenomenon.
The correlation with R3−2 is not as good and with a different delay demonstrating the fact that the
wave does not travel through the tongue location. Thereby this rotating phenomenon is periodic
but does not correspond to a classic rotating stall, it seems to be linked to a stalled cell released
under the tongue at periodic intervals and then travels around the compressor.
At the inlet, the oscillations are also present and show a similar phase delay to the diffuser.
Figure 4.30 shows the pressure traces for the sensors at the compressor inlet upstream of the inducer.
It can be seen that the oscillations have a delay corresponding the blade rotation speed (materialized
by the line). This is confirmed by the cross correlation where there are strong correlations between
the sensors as indicated by the peaks near -0.26 ms for IB1 and near 0.30 ms for IB3 with respect
to IB2. Thus the frequency observed near surge at 64 krpm around 250 Hz for the CS case
corresponds to an instability propagating circumferentially near the inducer. However the speed
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Figure 4.29: Cross-correlation between the signals of the sensors on R3 with respect to R32 at
64 krpm for the CS case.
of the propagation does not match with a cell rotating with a frequency of 250 Hz but is faster.
Indeed, such a cell would show different delays on the cross-correlation. The distance between IB1,
respectively IB3, and IB2 is 76◦, respectively 85◦, so the expected delays is 76360 × 1250 = 0.84ms,
respectively 85360 × 1250 = 0.94ms. Hence even at the inlet, the propagation shows a phase delay
different from what would be expected in the case of a fully rotating phenomenon.
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Figure 4.30: Pressure time traces filtered below 3 kHz (left) and cross-correlations between the
signals (right) filtered near 250 Hz with respect to IB2 for the sensors at the inlet in front of the
blades at 64 krpm for the CS case for an operating point near the surge line.
Finally a similar analysis was carried out with the sensors in the volute. Figure 4.31 shows
the pressure traces and the cross-correlation between them for the operating point near the surge
line for the CS case. On the left plot, the black lines again represent the propagation at rotation
speed. A propagation similar to the diffuser and the inlet is observed. However a difference can
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be noticed: the oscillations are larger under the tongue and diminish towards the scroll exit which
supports the hypothesis that the region under the tongue is the origin of the pressure waves. On the
cross-correlations (right plot), the propagation near the rotation speed can be seen up to V 4 (which
correlation is weak). For V 5, the oscillation amplitude is too weak so there is no clear correlation.
As for the other regions, the intermittency of the phenomenon probably makes it difficult for the
cross-correlation to pick up the phase delay occurring during the oscillations.
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Figure 4.31: Pressure time traces filtered below 3 kHz (left) in the volute and cross-correlations
between the signals of the sensors filtered below 3 kHz with respect to V 1 at 64 krpm for the CS
case (right).
Therefore from the measurements at 64 kprm for the CS case, it seems that the instabilities
responsible for the broad band peak observed on the FFT is due to a low pressure cell created under
the tongue that propagates at a speed similar to the rotation speed in the volute, in the diffuser
and even in the inlet. These results are in line with a CFD study using large eddy simulation
(LES) on this compressor stage performed by Hellstrom [42] at 64 krpm and 0.105 kg/s. From his
calculations, he concluded that a low pressure bubble was created under the tongue and was then
rotating around the diffuser with a speed corresponding to the convection speed.
Figure 4.32 shows pressure traces (top) and the cross-correlation between the sensors (bottom)
on the 88 krpm speed line for the locations on the two diameters. In figure 4.32a, the oscillations
corresponding to the 750 Hz broad band peak can be seen, and more clearly for the sensors on R1
and under the tongue on R3 (R30 and R32). However, a propagation of a wave is not apparent.
When calculating the cross-correlation between the sensors on R3 with respect to R30, shown in
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(a) Pressure time traces at 88 krpm. Signals filtered below 3 kHz.
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(b) Cross-correlations between signals at 88 krpm filtered near 750 Hz
Figure 4.32: Pressure signals and cross-correlations at 88 krpm for the CS case near surge. The
cross correlation are with respect to the sensor at 0◦ on each radius.
figure 4.32b (left), a propagation from R30 to R33 (0
◦ to 120◦) seems to happen, it is unclear if the
signal from R34 precedes or follows R30, and the correlation with R3−2 is very weak. Hence on R3,
an instability starts under the tongue but does not seem to propagate around the circumference.
With the cross-correlation of the sensors on R1 with respect to R10 (right), there is a propagation
from R1−2 in both directions to R10 and R14 then to R12, and the correlation to R13 is weak.
Thus, the propagation is more complex on this radius but seems to originate in the tongue region.
On the 88 krpm speed line near the surge line for the CS case, the broad band peak observed
in the FFT is illustrated by pressure oscillations in the diffuser. Their amplitude is higher on R1
than under the tongue on R3 compared to the rest of R3. The propagation of the pressure wave is
not as clear as for the previous speed which makes sense with the lower amplitude in the FFT for
this frequency at this speed compared to the other characteristic frequencies at the other speeds.
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Yet, a propagation in the tongue region occurs but does not travel around the circumference.
Lastly the instabilities at the highest speed that can be reached on the rig are studied. The
measurements were taken at 106 krpm which experiences the same behavior as 101 krpm for which
the FFTs were calculated. Figure 4.33a depicts the pressure traces measured on the 106 krpm
speed line. For this speed, the phenomenon corresponding to the frequency around 1420 Hz is
always present, not intermittent, yet with variations in amplitude. The oscillations are very clear
for the positions on R3 (top left) and a little bit more chaotic on R2 (top right). The last plot
(bottom) shows the signals for several locations on the two diameters; similarly to what was seen
at 64 krpm: there is no significant phase delay between the oscillations on R2 and R3. The line
drawn on the top two plots represents a propagation at 1420 Hz. The delays existing between the
signals at the locations on R3 match well with the line indicating that the pressure wave is rotating
circumferentially at a speed near 1420 Hz.
To better quantify the delay between the different locations, the cross-correlation is calculated
on the sensors on R3 with respect to R30 and the results are shown in figure 4.33b. The first
peak on the auto-correlation (R30 with respect to R30) corresponds to the time period matching
the frequency or 11425 = 0.7018 ms. For the sensors R33 and R34, the correlation has a maximum
with a positive delay indicating that they are late with respect to R30 and that the propagation
is in the same direction as the wheel rotation. Moreover, the delays match fairly well with the
physical position of the sensors: near no delay for R3−2 and R32 placed 30◦ apart from R30, at
0.23 ms for R33 placed 120
◦ after, and at 0.49 ms for R34 placed another 120◦ further. Thus for
this rotational speed, there is a pressure wave with a frequency of 1420 Hz and which propagates
around the circumference.
Similarly to what was seen at 64 kprm, at 106 krpm, the main broad band frequency observed
in the FFT for the CS case near the surge line corresponds to a pressure wave traveling circumfer-
entially. For this speed its origin is difficult to identify as the perturbation is fully rotating. The
travel speed could again correspond to the convection speed the volute/diffuser region. The MFR
for this operating condition is higher compared to the operating condition at 64 krpm which would
increase the flow speed, and the higher pressure would tend to reduce the speed but in a lower
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(a) Pressure time traces at 106 krpm. Signals filtered below 3 kHz.
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(b) Cross-correlations between signals with respect to R30 at 106 krpm filtered near 1425 Hz
Figure 4.33: Pressure signals and cross-correlations at 106 krpm for the CS case near surge. The
cross correlation are with respect to the sensor at 0◦ on each radius.
proportion.
Overall, the study of the instabilities occurring near the surge line fo the CS case showed that
they start under the tongue and occur with one of the resonance frequencies of the outlet piping.
Also, depending on the rotating speed, a pressure wave travels circumferentially around with a
speed compatible with the convection speed or propagates from the tongue region in all directions.
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4.4.5 Pressure Signature of Surge Phenomenon
After the instabilities at low MFR on the right side of the surge line, in this part, the surge
phenomenon itself is studied.
Surge Characteristic Frequency
First, the change of surge frequency with different piping, inlet and outlet, and different speeds is
examined. According to the model proposed by Greitzer [35] (see section 2.1.3), the piping length,
through the parameter B in the system of equations, has an impact on the surge behavior. For
these measurements, the OS case is used since the surge phenomenon is clearer and not affected as
much by other instabilities such as those observed near the surge line (as it will shown in the next
paragraph).
Two lengths for the outlet pipe and the inlet pipe as well as two speeds (64 and 88 krpm)
are studied. The longer outlet piping corresponds to the regular piping that is used for the other
measurements, and the short one was implemented by moving the back-pressure valve closer to the
compressor outlet (see figure 3.5). The longer inlet pipe corresponds to the pipe that was used in
the measurements previously presented and the short inlet to the bell mouth mounting that is used
for the PIV measurements.
The table 4.2 compiles all the configurations that are compared and the measured surge fre-
quency. The lengths and diameters of the pipes are indicated along with the rpm, inlet and outlet
temperatures and pressures.
Similarly to the Greitzer model, the pipe lengths are corrected. In the model, the flow in the
pipe has inertia due to its velocity and density but as the increase of pressure through an axial
compressor is relatively low, the density is assumed constant and the length is only corrected for
the section. Here, the density cannot be considered constant through the compressor, hence to
account for the change in diameter and density, the following correction to the pipe length is used:
Lc
∗ =
∫
L
ρref .Aref
ρ.A(s)
.ds where ρref = ρ1c and Aref = A2c.
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Speed
(kprm)
L/φinlet
(mm)
L/φoutlet
(mm)
T1c/T2c
(K)
Pinlet/Poutlet
(kPa)
a
(m/s)
fsurge
(Hz)
64 25/100 1780/57.2 298/377 99.2/162.7 389 32
64 25/100 780/57.2 298/382 99.2/162.7 392 57
64 838/100 1780/57.2 298/396 99.2/162.7 399 25
64 838/100 780/57.2 298/396 99.2/162.7 399 43
88 25/100 1780/57.2 298/437 99.2/234.4 419 30.5
88 25/100 780/57.2 298/453 99.2/234.4 422 49.5
88 838/100 1780/57.2 298/448 99.2/234.4 424 21
88 838/100 780/57.2 298/441 99.2/234.4 421 33.5
Table 4.2: Measured surge frequencies for different piping configurations
From these results, some observations can be made. It is useful to recall one of the conclusions
of Fink [21] which linked the surge frequency to the time necessary to empty and refill the outlet
volume. Thus with an increase of the rpm, surge frequency decreases: it takes longer to empty the
outlet volume because there is more resistance of the compressor. With an increase of the pipe
length, the surge frequency decreases: there is more inertia in the system.
From these remarks, the parameter F was created to link the system characteristics to the surge
frequency:
F =
a
Vtip
.
1√
Lc
∗
Figure 4.34 presents the correlation between this parameter and the surge frequency. The linear
correlation between the two is high (R2 = 0.961) but it is related to this compressor only and
cannot be applied directly to another one. For example, it was seen that the surge frequency is
different for the CS case.
From the correlation, reducing the piping length increases the surge frequency which makes the
phenomenon less energetic and less dangerous for the other components. Moreover, the constant
coefficient in the linear correlation is negative (−16.7) which could indicate that the phenomenon
would disappear for a short enough piping. This agrees with the experiments conducted by Galindo
et al. [26] where the performance characteristic of a compressor was measured up to a MFR of 0
with a back pressure valve mounted directly at the compressor exit, and with the Greitzer model
for which a short pipe gives a small B. A smaller B parameter‘ reduces the amplitude of surge and
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Figure 4.34: Correlation between surge frequency and rpm and pipe lengths
replaces the occurrence of deep surge by mild surge or small amplitude oscillations.
Propagation of Surge Pressure Wave through the Housing
In this paragraph, the pressure signals during surge will be described in order to understand what
happens in the compressor housing. First the pressure traces in the volute are shown in figure 4.35
for the OS and CS cases at 64 and 88 krpm.
At 64 krpm there is a significant difference between the signals for the OS case and for the CS
case. As it was seen before, surge has an intermittent behavior for the CS case at that speed which
is visible in the bottom left plot. The instabilities observed previously for the CS case are visible
especially on the left part of the plot and then a surge oscillation develops but even during the surge
oscillation, the amplitude of the fluctuations corresponding to the 250 Hz instability is significant.
At 88 kprm, the instabilities near the surge line are not as severe for the CS case, compared to the
64 krpm speed line, which is why they do not appear as clearly on the signal recorded during surge.
Hence the signals at 88 krpm for OS and CS cases are relatively similar but with higher ’noise’ for
V 1 which corresponds to the 750 Hz instability.
Putting aside the CS case at 64 krpm, the other signals are alike and thence only the signal at
88 krpm for the OS case will be described in more detail. Considering the evolution of the pressures
from t = 1.96 s to t = 1.98 s, the pressures change similarly to the evolution from the choke line to
the surge in the steady state (see figure 4.15): first the pressure increases at all the locations then
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Figure 4.35: Surge signals in the volute for 64 kprm (left) and 88 kprm (right), for OS case (top)
and CS case (bottom). The signals are filtered at 300 Hz for 64 krpm and 800 Hz for 88 krpm. In
brown signal of Pout.
the pressure at V 1 starts to diverge from the others and decreases. Hence the compressor during
this part of the surge cycle has a quasi-steady response. Near t = 1.98 s, the pressure drops at all
the locations in the volute and the outlet and faster at V 1. Except at V 1, the pressure decreases
continuously up to t = 1.995 s. At V 1, after the pressure drop at t = 1.98 s, the pressure increases
near t = 1.985 s to match the pressure at the other locations as the pressure equalizes all around
during the overall breakdown. During the breakdown, the MFR decreases significantly and can
become negative as it will be shown with the PIV measurements at the compressor inlet in chapter
5. Reversal flow occurs in the entire compressor at least partially. Between t = 1.993 s and t = 2 s,
the values of pressure remain roughly constant with a small single oscillation near t = 1.995 s
which may be the time when the flow reversal (partial or full) ends and the flow direction returns
to normal. After t = 2 s, the pressure all around increases and a new cycle begins.
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Even though the initiation of the pressure breakdown is not clear from these temporal signal,
the pressure at the location under the tongue (V 1) has a singular behavior. Similarly to the steady
measurements at low MFR (figure 4.15), the pressure is much lower there before all the pressures
drop and the drop is more violent there. Also, the fact that the pressure at V 1 increases before the
pressures reach their minimum elsewhere tends to point at this region as the most unstable.
To quantify the delay between the different locations, the cross-correlation of each signal with
respect to V 3 is calculated at 64 and 88 krpm for the OS case and is shown in figure 4.36. The
signals are filtered below 3 kHz to remove excessive noise. It can be seen that the correlations
between the signals compared to V 3 are very strong except for V 1. This translates the fact that for
the sensors, other than V 1, the oscillation is very similar in shape and magnitude. For V 1, since
the signal has a second pressure increase during the breakdown makes it different enough from the
others for the cross-correlation to be weaker.
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Figure 4.36: Cross-correlation between the sensors in the volute and V 3 for 64 and 88 krpm OS
case (filtered at 3000 Hz).
Moreover a delay can be found looking at the location of the maximum correlation (local
maximum in the case of V 1). The positions of the maxima for the sensors in the volute are given
in table 4.3. The temporal resolution for these measurements is 132768 Hz = 30.5 ns. The order of
the maxima corresponds to the physical order around the volute. In addition to the sensors in
the volute, the dashed cyan line on the plots represents the correlation with R31 and the location
of the maximum correlation is situated between the maximum for V 2 and V 1 indicating that the
pressure wave goes from V 1 to R31 in the diffuser. Hence, the pressure wave starts near V 1 and
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Volute
Sensors
64 krpm
(ms)
88 krpm
(ms)
V 1 -0.4578 -0.5341
V 2 -0.2441 -0.2441
V 3 0 0
V 4 0.2136 0.2441
V 5 0.4883 0.4578
Table 4.3: Delays obtained from the cross-correlations during surge
propagates circumferentially following the direction of rotation at a propagation speed similar to
was observed previously for the instability, and from the volute towards the diffuser.
The pressure signals at the diffuser outlet (on R3) during surge are presented in figure 4.37.
The evolution of the different signals for the different cases is similar to what was observed in the
volute. At the onset of the breakdown, the first sensors to drop are at the locations in the region
under the tongue (R30, R31, and R32) and it was shown that there were preceded by the location
V 1 in the volute. Hence the breakdown occurring during the surge phenomenon originates under
the tongue, just as the instabilities before the surge line for the CS case.
Finally, the pressure signals at the inlet during surge are shown in figure 4.38. For these plots,
the time axis limits were chosen so the outlet pressure would be placed approximately at the same
location in the surge oscillation as the previous measurements in the diffuser and the volute. Except
for the CS case at 64 kprm, for which it was found that the surge phenomenon competes strongly
with the instabilities near 250 Hz, the pressures measured in front of the blades (IB1, IB2, and
IB3) alternate between positive and negative values. The positive values correspond to the decrease
of Pout, and the negative pressure corresponds to its increase.
For the OS case (top), the positive pressure in front of the blades corresponds roughly to the
occurence of backflow at the inlet on the wall side of the main passage and the negative pressure
to the time when the flow enters fully into the compressor (see chapter on PIV 5). The pressure in
the channels (IS1 through IS4) is the lowest at the end of the pressure breakdown, at t = 1.99s for
64 krpm, and t = 2.035s for 88 krpm. Then the pressure increases, similarly to what happens when
reducing the MFR in a steady state manner (see figure 4.13), up to t = 2.008s for 64 krpm and
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Figure 4.37: Surge signals in the diffuser for 64 kprm (left) and 88 kprm (right), for OS case (top)
and CS case (bottom). The signals are filtered at 300 Hz for 64 krpm and 800 Hz for 88 krpm. In
brown signal of Pout.
t = 2.06s for 88 krpm. At this point, the overall pressure breakdown occurs and there is backflow
from the blades which creates a blockage near the walls at the inlet comparable to what happens
in the CS case at low MFR for steady state.
For the CS case at 64 krpm (bottom left), the values of pressure both in front of the blades
(IB1 through IB3) and on the channels (IS1 through IS4) stays positive during the recording.
The positive pressure in front of the blades indicates that backflow occurs at the tip. This is further
shown by the positive pressure in the channels in which no flow is being recirculated since the slot
is blocked, the positive pressure in the channels indicates a blockage at the inlet resulting from the
blade tip recirculation similarly to what occurs near the surge line for this case. At 88 krpm for
the CS case, while the pressure in the main passage is negative (flow fully entering), the pressure
in the channels is near 0, whereas when the pressure is positive in the main passage (backflow at
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Figure 4.38: Surge signal at the inlet for 64 kprm (left) and 88 kprm (right), for OS case (top)
and CS case (bottom). The signals are filtered at 300 Hz for 64 krpm and 800 Hz for 88 krpm.
the tip), the pressure in the channels increases and becomes very noisy due to the blockage on the
outer part of the passage.
Hence, the surge frequency is low enough for the compressor to behave in a quasi steady manner
during surge. Moreover, the surge phenomenon is less intense in the CS case as shown by the
amplitude of the pressure oscillations that is reduced compared to the OS case. This is due to
the occurrence of instabilities much more important in the CS case as described on the previous
paragraph that competes with the surge oscillations.
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Conclusion on the Pressure Measurements
The compressor under study was tested with the recirculation slot open (OS case) and blocked (CS
case). Overall, the implementation of the recirculation device makes the compressor more stable
but also reduces the efficiency on most of the range especially at low MFRs. Two criteria were
calculated to evaluate the overall stability. One using the classic standard deviation, another using
a standard deviation evaluated on short time spans. The second method enabled the detection
of random surge-like oscillations for the CS case. For the OS case, the surge line was marginally
affected by the method and is clearly defined by the occurrence of large oscillations of the system
variables. On the contrary, for the CS case, the change was significant. Indeed in the surge line
region, the CS case compressor exhibits an intermittent behavior between high instability level
and deep surge oscillations. Hence the two methods showed different surge line improvement for
the implementation of the inducer recirculation slot. And thus, whenever evaluating a flow range
improvement on the surge line, it is very important to clearly state how the surge line is defined.
On one hand, based on an averaged estimation, it was shown that the surge line does not
occur at a specific flow angle in the diffuser for all the speed lines. On another hand, the non-
dimensionalized pressure gradient across the tongue is nearly constant for all the speed lines at the
surge limit. Thus, the tongue region is considered to be the destabilizing element in the compressor
at low MFR, and small changes of the pressure in this region can trigger surge occurrence.
As a system phenomenon, the surge frequency varies with the piping length surrounding the
compressor as well as the rotor speed. Moreover, during surge, the compressor behaves in a quasi-
steady manner, and the propagation of the pressure wave leading to the overall flow breakdown in
the compressor, similarly to the pressure wave observed at low MFR, originates in the region under
the tongue in the housing.
The speed lines on the map for the CS case display a ’camel back’ shape that is not present for
the OS case. This drop in pressure delivery was linked to positive pressures on the wall in front of
the inducer which indicate tip recirculation. This will be confirmed in the next chapter presenting
PIV measurements at the compressor inlet. For the OS case, the pressure remains negative up to
the surge line. Harley et al. [39] also showed the link between tip flow recirculation at low MFRs
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and this drop in the pressure delivery.
The mean pressure evolution in the diffuser and volute showed that the tongue is a region with
large pressure gradients when operating away from the peak efficiency operating point. Near choke,
there is a high pressure region under the tongue and the pressure decreases along the scroll which is
acting as a convergent nozzle (undersized) and the pressure gradient across the tongue is positive.
At low MFRs, there is a low pressure region under the tongue and the volute acts as a diffuser
(oversized) and the pressure gradient across the tongue is negative. This gradient favors flow going
around the tongue. The presence of the ported shroud ribs generated wakes of higher pressure in
the diffuser when significant recirculation occurred, which is approximately from peak efficiency to
surge MFRs for this compressor. Yet, no significant difference between the two cases was found
using the mean values in the diffuser and volute to explain the difference in the instability levels
and performance.
Using the dynamic pressure sensor at the compressor outlet, resonance frequencies were identi-
fied. These frequencies grow in intensity with decreasing MFR and are significantly more excited for
the CS case. The higher level of instabilities at the inlet for the CS case, increases the global level of
noise in the system and excites these resonance frequencies. This in turn generates dynamic insta-
bilities at the tongue which induce variations in the local pressure gradient and therefore destabilize
the tongue region. They can even trigger surge oscillations.
Depending on the speed, these instabilities propagate in all directions from the tongue (88 kprm
speed line), or induce a moving pressure wave from the low pressure zone under the tongue traveling
with the flow along the scroll and upstream to the diffuser (64 and 106 krpm speed lines). This
pressure wave seems to be convected with the flow and is different from a rotating stall cell in that
sense. The measurements agree with the numerical study by Hellstrom et al. [42] on this compressor
where low pressure structures created under the tongue are convected around the volute.
Hence, it is by reducing the instabilities at the inlet that the recirculation device improves the
overall stability of the compressor and system. In the next chapter, the flow at the compressor inlet
will be presented using PIV measurements. The differences observed in the pressure evolution at
the inlet will be linked to different flow patterns occurring for the OS and CS cases.
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Chapter 5
Planar Velocity Measurements (PIV)
Using the PIV technique, the flow velocity was measured in several planes near the compressor inlet.
With these measurements, it is possible to understand the flow patterns in the inlet region and the
effect of the recirculation slot and channels. The measurements were carried for the two cases (OS
and CS) in order to evaluate the differences between them. All the measurements presented in this
chapter were taken with either a bell mouth mounted at the compressor inlet or no inlet instead
of a pipe. The use of these set-ups was necessary to allow optical access to the region of interest.
However the behavior of the flow is only marginally affected by this change of inlet as shown in
appendix A.
The first section presents the mean static pressure measurements at the compressor inlet in
the case of a bell mouth mounted at the inlet of the compressor. The following sections show the
planar flow velocity measurements in the various parts of the inlet described in 3.7.4.
5.1 Pressure Measurements at the Inlet with a Bell Mouth
Before presenting the PIV measurements, it is important to look at the evolution of the mean
pressure at the compressor inlet from the choke line to the surge line. These measurements were
taken with a bell mouth mounted at the inlet of the compressor since the PIV measurements
are taken with this configuration. The location of the pressure sensors is the same as for the
measurements presented in the previous chapter and are shown in section 3.7.3. Figure 5.1 presents
144
the change of the pressure versus the corrected MFR on the 64 and 88 krpm speed lines and for
the two inlets cases (OS and CS).
For the 64 krpm speed line, the evolution of the pressure is very similar to the results with a
pipe mounted at the inlet mounted which were presented in figure 4.13. For the OS case, the mean
pressures are almost identical up to the surge line (at 0.07 kg/s). Except in surge, where for the
bell mouth case, the mean pressure is closer to 0. For the CS case, the amplitude of the pressure
near the blades (IB1 to IB3) is higher with the bell mouth compared to the pipe configuration.
At high MFR, the pressure is lower for the bell mouth case (further from 0 and negative); at low
MFR, the pressure is higher for the bell mouth case (further from 0 and positive). The transition
from negative to positive values occurs at the same MFR with the bell mouth and the pipe which
indicates that the evolution of the flow at the compressor inlet is not significantly affected by the
inlet configuration. For the pressure in the channels (IS1 to IS4), the values are very similar up
to the surge line (at 0.07 kg/s) for both cases.
Comparing the standard deviations for the 64 krpm speed line, for both the OS and CS cases,
the amplitude is comparable between the two inlet configurations except in surge (below 0.07 kg/s).
For the OS case, the values are below 1 kPa at high MFR and approaching 2 kPa close to the surge
line. For the CS case, at close to 1 kPa at high MFR and increase gradually for decreasing MFR
below a peak at the transition between positive and negative mean pressure near the blades. During
surge occurrence, σ for the sensors near the blades is higher for the bell mouth case (near 4 kPa
versus approximately 3 kPa for the OS case, and 4.5 kPa versus 3 kPa for the CS case). This is due
to the fact that the inlet being open to the atmosphere large oscillations of the pressure in surge
cannot be damped by the inertia introduced by the pipe. Since the evolution is similar for the bell
mouth and the pipe inlet configuration for the OS and CS cases, it is reasonable to assume that
the flow is only marginally affected by this change of inlet configuration.
Moreover, the evolution of the mean pressure and standard deviation along the 88 krpm speed
line is similar to the evolution at 64 krpm for both OS and CS cases, except for the fact that the
measurements at MFRs near choke are missing due to the limitations of the gas stand. One notable
feature on the 88 krpm speed line for the CS case is the fact the surge line seems to occurs at a
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Figure 5.1: Evolution of mean pressure and standard deviation at the compressor inlet along the
64 krpm (top) and 88 krpm (bottom) speed lines measured for OS (left column) and CS (right
column) cases with the bell mouth.
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significantly lower MFR compared to the OS case and the inlet pipe configuration (0.1 kg/s versus
0.15 kg/s). In fact, for these low MFR, there is very strong back flow from the main passage that
can be felt in the inlet vicinity (up to 300-500 mm on the side of the inlet with the bell mouth).
This back flow prevents deep surge occurrence but the compressor cannot practically be considered
to operate in a stable fashion because, as soon as a pipe in implemented at the inlet, deep surge
oscillations start to occur. No flow measurements were carried for these MFR on the 88 krpm speed
line as they would not compare to realistic operating conditions (with a pipe mounted at the inlet).
The MFRs for the operating conditions of interest to characterize the evolution of the flow from
choke to surge can be chosen from the pressure variation along the speed lines. Hence, specific
MFRs were selected for each case where the inlet pressure shows changes: these MFRs are labeled
from 1.OS to 5.OS for the OS case and 1.CS to 5.CS for the CS case.
For the OS case from choke to the surge line, the MFRs where significant changes occur in the
inlet pressure are: near choke (available for 64 kprm only — 1.OS), near the best efficiency point
where the pressure in the channels start to raise (0.23 kg/s for 64 krpm and 0.33 krpm for 88 krpm
— 2.OS), when the pressure at IS3 drops slightly below 0 (0.15 kg/s at 64 krpm and 0.2 kg/s for
88 kprm — 3.OS), when the pressure on the pressure side of the ribs (IB2 and IB4) drops and σ
increases (0.1 kg/s for 64 krpm and 0.16 krpm for 88 krpm — 4.OS), near the surge line (5.OS),
and during surge.
For the CS case, the MFRs of interest are at choke (1.CS, for 64 krpm only), near the best
efficiency point (2.CS), around the transition between negative and positive values for the sensors
near the blades (between 0.15 and 0.19 kg/s at 64 krpm and between 0.19 and 0.23 kg/s for 88 kprm
— 3.CS and 4.CS), near the surge line (5.CS) and during surge.
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5.2 Cross-Flow Measurements Outside of the Compressor Hous-
ing
Using the PIV set-up described in paragraph 3.7.4 (set-up A), the velocity is measured on a plane
4 mm in front of the compressor inlet. Figures 5.2 through 5.5 show the averaged velocity vector
fields for four selected MFRs for the OS and CS cases. Measurements taken during the surge cycle
are presented for the OS and CS cases in figures 5.6 and 5.7.
For each 2D velocity vector map, the out-of-plane velocity component is used to generate a
quasi-3D plot on which the 2D three-velocity components (2D3C) vectors were overlaid. The color
scale refers to the out-of-plane velocity magnitude and emphasizes the axial direction of the flow.
Note that due to the choice of the coordinate system, the flow entering the compressor has a
negative value for Vz (bluish areas) whereas reverse flow exiting the compressor has a positive value
(reddish areas). For each operating condition where the flow was measured, sets of 300 double pairs
of images were taken and processed to calculate the presented average flow fields. The location of
the measured conditions on the compressor map are shown further down in figure 5.8.
5.2.1 Stable Regime for the OS Case
Four operating conditions where chosen to describe the evolution of the flow on this plane for
the OS case at 239, 144, 87 and 75 g/s for 64 krpm, shown in figure 5.2, and 271, 204, 186 and
169 g/s for 88 krpm, shown in figure 5.3. On the 64 krpm speed line, according to the unsteadiness
maps previously presented in figure 4.4, the first point of measurement refers to a stable point of
operation and corresponds roughly to 2.OS (near best efficiency). The vector plot confirms that the
air is entering smoothly in the entire inlet region of the compressor, without a noticeable swirling
component.
When reducing the mass flow rate such that the pressure ratio reaches its maximum at 144 g/s
(near 3.OS), the theoretical stability limit of the compressor is reached. The main feature of the inlet
flow field is the presence of a jet on the upper right part of the field. Even though the compressor
shows a low level of unsteadiness (low σ), the presence of the jet disturbs the axisymmetry of the
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239 g/s 144 g/s 87 g/s 75 g/s
Figure 5.2: Velocity vector field outside of the compressor housing from stable to stall regime
regime at 64 krpm for OS case. Vz as color contour and Vxy as vector plots
271 g/s 204 g/s 186 g/s 169 g/s
Figure 5.3: Velocity vector field outside of the compressor housing from stable to stall regime
regime at 88 krpm for OS case. Vz as color contour and Vxy as vector plots
incoming flow. This localized exiting fluid corresponds to the flow being released from the upper
port channel. Due to the impeller rotation and the shape of the cavities, the flow recirculated
through the slot exits the channel from the pressure side of the upper right rib with a strong swirl
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component. The fact that only flow from this port is visible on the plane reflects the variability
of the ports geometry: this channel is the largest and, therefore, is expected to have the highest
recirculated mass flow.
The third operational point at 0.087 kg/s was recorded just after reaching the stall regime (after
4.OS). Three ’jets’ are noticeable, which correspond to the flow being recirculated by three of the
recirculation channels. The overall inlet flow velocity is reduced due to the mass flow rate reduction
and the amount of recirculated back flow increases. The intensity of the ’jets’ correlates with the
pressure trends recorded by the inlet shroud pressure transducers (IS1 through IS4) where the
highest pressure were recorded for the largest passages (see figure 5.1).
Finally at 0.075 kg/s, just prior to surge (5.OS), the structure of the flow remains very similar to
the one at 0.087 kg/s. The only difference is in the amount of recirculated flow which has increased.
Note that the net increase of the jet coming from the right port channel (the closest to the volute
tongue) involves a strong distortion in the main entering flow.
On the 88 krpm speed line, the selected operating points correspond more or less to the same
operating conditions as those on the 64 krpm speed line (same positions with respect to the x.OS).
The results are similar with smooth flow for the highest MFR, then ’jets’ developing with the
largest being on the top right for the remaining MFRs. The major difference with 64 krpm is the
fact that at the smallest MFR, the intensity of the ’jets’ and entering flow decreased. This is due
to the fact that this point being very close to the surge line, a surge-like frequency is present in the
pressure frequency spectrum. The flow is perturbed by this phenomenon and, as a result, less flow
is recirculated through the slot.
5.2.2 Stable Regime for CS Case
Similarly to the OS case, four operating conditions where chosen for the CS case at 239, 141, 127
and 76 g/s for 64 krpm, shown in figure 5.4, and at 270, 206, 191 and 172 g/s for 88 krpm, shown in
figure 5.5. On the 64 krpm speed line, the first point of measurement is a stable point of operation
(near 2.CS, close to peak efficiency). Similarly to the OS case, the air is entering smoothly the
entire inlet region of the compressor, without a noticeable swirling component.
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239 g/s 141 g/s 127 g/s 76 g/s
Figure 5.4: Velocity vector field outside of the compressor housing from stable to stall regime
regime at 64 krpm for CS case. Vz as color contour and Vxy as vector plots
270 g/s 206 g/s 191 g/s 172 g/s
Figure 5.5: Velocity vector field outside of the compressor housing from stable to stall regime
regime at 88 krpm for CS case. Vz as color contour and Vxy as vector plots
Reducing the MFR to the maximum PR near at 141 g/s (near 4.CS) results in the concentration
of maximum axial velocity flow in the impeller hub region and the development of swirl on the
impeller shroud region. The overall reduction of the flow velocity, combined with the high axial
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velocities at the center of the compressor inlet, suggests a restriction of the flow section. This is in
accordance with the fact that possible reversed flow starts to occur along the compressor shroud
clearance (positive inlet pressure for IB1 through IB3 in figure 5.1). However, no back flow reaches
the plane of measurement yet.
Reducing the MFR further to 127 g/s, still within the stalled regime (between 4.CS and 5.CS),
reversed flow is clearly seen with a large axisymmetric swirling flow exiting near the inlet wall. It
seems that the positive pressure increase in figure 5.1 indicates that the high pressure built-up in
the compressor housing expanded back out through the impeller. For the OS case, even at a lower
mass flow rate (87 g/s), no axisymmetric swirling back flow is observed.
Finally close to the surge line at 75 g/s (5.CS), the flow pattern remain very similar to the
one at 0.087 kg/s with an increase of the amount and velocity magnitude of the exiting back flow.
Hence the reversed flow exiting the compressor near the wall of the inlet is even more significant,
forming two clear regions of flow, an annular region of back flow surrounding a core region with
entering flow; both have large velocity magnitudes and swirling components.
On the 88 krpm speed line, the results are again similar to what occurs at 64 krpm. However
for the measurement at the third MFR (172 g/s), the amount of recirculated flow is relatively less
for 88 krpm compared to 64 krpm. This makes sense considering the points x.CS defined before.
At 88 krpm, the third measured point corresponds to 4.CS whereas at 64 krpm, it corresponds to
a point between 4.CS and 5.CS.
5.2.3 Surge for the OS Case
Figure 5.6 presents the in-plane velocity vectors (Vxy) superimposed on the out-of-plane velocity
(Vz) magnitude and the quasi-3D plots obtained from the CFSPIV measurements for 8 phases
during surge for the OS case (340◦, 25◦, 70◦, 115◦, 160◦, 205◦, 250◦, 295◦). A total of 24 phases
were measured and for each phase, an average of 300 sets of pair of images were recorded at the same
moment during the surge cycle phase-locked on the compressor outlet pressure using an external
trigger (see 3.7.4).
The plot of the velocity field at phase 340◦ shows that the flow approaching the compressor
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Figure 5.6: Velocity vector field outside of the compressor housing during surge at 64 krpm for
OS case. Vz as color contour and Vxy as vector plots. The angle corresponds to the phase in the
oscillation of Pout (figure 5.25).
entrance is homogeneous with a mean axial velocity near 30 m/s near the center. The air almost
fully enters the compressor similarly to the case presented for the steady state at high MFR (figure
5.2 at 0.141 kg/s). From phase 340◦ to phase 115◦, the mean average velocity of the flow entering in
the hub region is decreasing while the swirling motion of the flow is increasing, especially near each
rib location. This indicates increased resistance to the flow entering the compressor, which induces
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the initiation of reversed flow exiting the compressor from the recirculation channels. Indeed, there
is also an increase of the axial component in the opposite direction of the main flow (increase of
the jets flow magnitude) near each rib. In this portion of the surge cycle, which refers to the
raising portion of the discharge pressure in figure 5.9a, the out-of-plane component of the velocity
vectors indicates three to four regions of high magnitude reversed flow, corresponding to each rib.
In addition, the different sizes for the channels results in a different strength for each jet. Thus the
slot enables the compressor back flow to be released through the port channels while the mass flow
decreases (figure 5.9a). in this part of the cycle, the change in the flow is similar to the evolution
from stable flow structure to stalled flow structure (left to right in figure 5.2).
From phase 115◦ to phase 205◦, the amount of air exiting the compressor increases significantly.
This part of the cycle corresponds to the complete discharge of the air blocked within the compressor
and compares well with the drop in the outlet pressure signal as seen in figure 5.2. For this sequence
of phase angles, the reversed flow is seen to exit the compressor in a relatively axisymmetric manner.
The influence of the ports can still be noted but is less discernible than before. This may be an
indication that at that point, the ported shroud has reached its functional limit since back flow
is not only exiting from the ports, but also from the impeller region. This is characteristic of the
full reversed flow (negative mass flow during part of the cycle) occurring during surge for the OS
case, which does not exist in stall regime. The full reversed flow with high swirling velocities from
the impeller tip induces the narrowing of the entering flow area and the increase of axial and swirl
velocities in the hub region, in a similar way to the CS case at low MFR (right of figure 5.4).
During the next phases and back to phase 340◦, back flow continues to exit the compressor but
with a velocity magnitude that decreases. The compressor is recovering from the release portion
of the surge cycle and the flow starts to fully enter the compressor again. This corresponds to the
increase of outlet pressure and MFR (figure 5.9a).
The process is then repeated from low pressure to high pressure when the compressor is working
’normally’, followed by the discharge of the blocked air when the maximum pressure is reached. As
one event induces the other, the phenomenon becomes self-excited and pulsating, characteristic of
compressor surge.
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5.2.4 Surge for the CS Case
Figure 5.7 presents the in-plane velocity vectors (Vxy) superimposed on the out-of-plane velocity
(Vz) magnitude and the quasi-3D plots obtained from the CFSPIV measurements for 8 phases
during surge for the CS case (340◦, 25◦, 70◦, 115◦, 160◦, 205◦, 250◦, 295◦). A total of 24 phases
were measured and for each phase, an average of 300 sets of pair of images were recorded at the same
moment during the surge cycle phase-locked on the compressor outlet pressure using an external
trigger (see 3.7.4).
The time sequence for the CS case from phase 340◦ to 115◦ is also similar to the compressor
inlet flow patterns which evolve from smoothly entering flow to the incipience of back flow exiting
the compressor (left to right in figure 5.4). In this case, however, a certain amount of swirl is always
present at the compressor inlet and the entire surge cycle is affected by reversed flow. Where the
OS case has phases (near 0◦) when the flow is radial, no phase with only radial flow exists for the
CS case.
From phase 115◦ to phase 205◦, similarly to the OS case, the amount of air exiting the compres-
sor increases significantly. This corresponds to the part where both the MFR and the PR decrease
in the cycle (figure 5.9b). The full reversed flow induces the reduction of the area of entering flow
and the increase of axial and tangential velocities in the hub region, similarly to the flow field at
low MFR on the right of figure 5.4.
During the last phases and back to phase 340◦, back flow continues to exit the compressor, but
with a velocity magnitude that keeps decreasing. This corresponds to part of the cycle where the
MFR increases and, after approximately phase 270◦, the PR increases as well (figure 5.9b). The
process then repeats itself.
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Figure 5.7: Velocity vector field outside of the compressor housing during surge at 64 krpm for CS
case. Vz as color contour and Vxy as vector plots. The angle corresponds to the phase in the
oscillation of Pout (figure 5.25).
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5.2.5 Estimation of the MFR from the SPIV in Front of the Inlet
Using the measured velocity at the compressor inlet, it is possible to calculate the MFR through
the compressor integrating the value of ρ.Vz over the area in the plane of measurement. Here since
Vz is only known at given locations on the mesh on the plane of measurement, the integral of Vz
corresponds to the sum of Vz times the area corresponding to the area associated in the mesh.
m˙ = ρ1c.
∫
A
Vz.dA = ρ1c.
∑
i
Vz(i)× dA
where Vz is the out of plane velocity component extracted from the PIV measurements presented
in the previous paragraph, ρ1c the air density and is assumed constant and calculated at the
following temperature and pressure conditions: T1c = 25
◦C, P1c = 98.6 kPa. The pressure (equal
to 14.3 psia) corresponds to the average value measured on the lab barometer and the temperature
to the average recorded during the mapping tests. Hence the air density used is ρ1c = 1.152 kg.m
−3.
Finally dA represents the area associated with an interrogation window (mesh size of the vector
field).
Figure 5.8 presents the comparison between the MFR measured with the orifice plate and using
the PIV (top plots) and the relative error (bottom plots) for the OS (left) and CS (right) cases. At
higher MFRs, the calculation from the PIV underestimates the MFR whereas it is overestimated
at low MFRs. Probably the main reason for the difference between the measured and estimated
MFRs is the gap between the plane of measurement and the inlet (about 4 mm). Therefore a small
part of the flow entering/exiting the inlet is not captured. This explains why when the flow near
the wall is entering (at high MFRs with smooth flow entering), the PIV shows a deficit in MFR,
and reciprocally, when it is exiting (at low MFRs where back flow is present) the calculation from
the velocity is higher. Thus for the CS case, when the flow has a Vz component near 0 near the
inlet wall (e.g. operating conditions at 141 g/s at 64 krpm), the error is minimum.
Hence based on the measurements at steady operating conditions, it is possible to use the PIV
in the plane of measurement upstream of the inlet to evaluate the MFR through the compressor
within 10 to 15 % uncertainty. The MFR during each of the recorded phases in the surge cycle was
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OS case CS case
OS case CS case
Figure 5.8: Comparison between measured and calculated from PIV MFRs and the relative error
on the 64 and 88 krpm speed lines for the OS and CS cases.
calculated in the same manner at 64 krpm for the OS and CS cases. Using the pressure recording
of an oscillation during a surge period, it is possible to get the PR though the compressor at a
given position in the cycle. From the knowledge of the PR and MFR at each phase recorded in the
PIV measurements, the evolution of the compressor operating condition is shown on the 64 krpm
speed line in figure 5.8 for both cases. The point in the center of the surge cycle loop corresponds
to the average value of MFR and PR.
For the OS case (left), the MFR becomes negative shortly after the outlet pressure has reached
its maximum and stays negative until the minimum outlet pressure. This part corresponds to
the phases between 115◦ and 240◦ when strong back flow was observed at the compressor inlet.
Between 240◦ and 355◦, the MFR is positive and increases, this corresponds to the time when
the back flow recedes. The compressor is in the recovery part of the cycle and the pressure rises.
Between 355◦ and 115◦, the PR keeps rising and the MFR decreases which corresponds to the flow
fields comparable to those in the steady regime going from the best efficiency point to the surge
line with increasing recirculated flow form the cavities.
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355◦
85◦
175◦
265◦
(a) OS case
355◦
85◦
175◦
265◦
(b) CS case
Figure 5.9: Evolution of the PR with the MFR during the surge cycle for the OS (a) and the CS
(b) cases compared to the steady state speed line. The MFR is evaluated from the SPIV and the
PR from an average oscillation of Pout. Each dot represents a measured phase and they are
separated by 15◦.
For the CS case (right), the evolution of the PR vs MFR is similar to the OS case with the
major difference that the MFR never becomes significantly negative but rather stays near 0 during
the outlet pressure decrease. As it was seen in the previous chapter, the magnitude of the outlet
pressure oscillations are smaller in the CS case which could explain why the mass flow does not
get significantly negative. This could also be due to measurement error because the speed of the
flow coming out of the compressor is very high and on a narrow area (ring of back flow near the
shroud side of the inlet). The PIV could then underestimate the magnitude of the velocity in this
area. Between 115◦ and 250◦, the PR and the MFR decrease and then the MFR stays near 0 after
175◦. In the flow fields this corresponds to strong back flow near the inlet wall. Between 265◦ and
355◦, the compressor recovers with increasing PR and MFR corresponding to the decrease of the
magnitude of the back flow on the flow fields. Finally, between 355◦ and 115◦, the MFR decreases
and the PR increases: the flow fields observed during this part of the cycle are similar to those
measured during steady operation (similar intensity of the back flow). However neither for the OS
nor the CS case does the operating condition during surge matches with the steady state line. The
compressor cannot be considered as operating in a quasi steady manner during surge.
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5.3 PIV Measurements within a Recirculation Channel
Using the PIV set-ups described in paragraph 3.7.4 (set-ups B1 and B2), the flow velocity is
measured in the recirculation channel on the right. The positions of the measurement planes in
the channel with respect to the inlet and ribs are given in figure 5.10. The location of the plane
of measurement with respect to the other areas is indicated by an orange line on the left picture
in figure 5.10. Two planes perpendicular to the axis of rotation were chosen (green area) about
16 mm and 29 mm downstream of the ported shroud edge, for these the camera is placed in front of
the compressor (middle of figure 3.13). Another set was taken with the camera placed on the side
looking through the transparent window (right of figure 3.13). The right channel was selected due
to the highest accessibility, the overhang of the volute hiding partially or totally the window for
a camera placed on the side for the other channels. Data was only acquired for the OS case since
no important flow features were expected for the CS case. Figure 5.11 shows the average velocity
vector fields for eight MFRs along the 64 krpm speed line (shown in the bottom right) taken in the
right channel. The red marks on the bottom of the side view indicate the relative position of the
front views.
Figure 5.10: Position of the window and planes of measurement with respect to the compressor
housing. The approximate location for the measurement in the front view is shown in green and
the orange lines represent the position of the planes with respect to another.
Since the cavities are relatively small and the compressor housing is made of cast metal, the
background of the images recorded by the cameras was very bright in some areas. This leads to
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erroneous calculations by the PIV post-processing. The effect of bright areas in the background
is to make the particles not visible. If no particles are present in a field of view, the correlation
in the interrogation window will return no displacement and a zero velocity. Hence the average
velocity is spoiled by images with near null velocity in the bright background areas. As a result the
average in these areas appears lower than it should. A good example is the velocity field at point 1
where the edges of the measurement area have lower velocity magnitude near the edge even though
there is no specific reason for it. Unfortunately, the measurements presented here had a significant
part of the view with high background reflections. Yet the direction of the average velocity is only
slightly affected by this and is correctly captured, the magnitude of the velocity should be taken
only qualitatively into account.
Describing the flow field starting near choke, at point 1 (same as 1.OS, on the mean inlet static
pressure), the flow velocity is very low with flow moving in the opposite direction of the wheel; it
is expected that at very high MFRs, the slot acts as an extra inlet for the wheel and flow enters
the channels. This can be seen on the side view where the flow moves toward the right and the
slot location yet slowly. At point 2 (between 1.OS and 2.OS), the velocity in the channel is still
very low with a decrease of the magnitude in the top part, and some flow exits the channel at the
bottom.
Near the best efficiency operation, point 3 (2.OS), the velocity increases significantly in the
channel. High speed flow can be seen in the bottom right part of the front views going downwards
indicating that a notable recirculation already occurs at this MFR. This can also be seen on the
side view where the flow corresponding to the ’jets’, identified in the previous set of measurements,
is seen. In the top portion of the window however, the flow is blocked (velocity very small, less
than 10 m/s). Hence, only part of the channel (near the bottom rib) carries the recirculated flow
instead of the entire section.
Points 4 and 5 are situated between the operating conditions 2.OS and 3.OS identified previously
from the inlet pressure measurements, where the pressure on the pressure side of the rib increases
with decreasing MFR and is near 0 for the sensor on the suction side of the rib. The velocity field
in the side view is similar to the point 3 with high velocity flow exiting the channel on the bottom
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Figure 5.11: Velocity fields in the right channel at 64 krpm for the OS case. The streamlines and
contour represent the planar velocity. For each operating condition, two front views and a side
view are shown (see figure 5.10 for positioning). The bottom right plot shows the location of the
operating conditions on the 64 krpm speed line.
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part increasing in intensity (there is a change of scale between 4 and 5) and the flow is mostly
stopped in the top half part of the field of view. The streamlines on the front views indicate that a
large swirl, of increasing size with smaller MFR, is being formed within the height of the channel.
This vortex is due to the flow impingement on both the outer wall and the rib.
Finally at low MFR, at points 6, 7 and 8 situated between the operating conditions 3.OS and
5.OS where the pressure on the suction side of the rib drops below 0, and up to the surge line (this
channel, on the right, corresponds to the location IS1 for which there is not drop in the mean
value unlike IS2 and IS4, so for this channel the MFR at 4.OS is not significant). The velocity
magnitude at the bottom of the side view has increased significantly as the amount of recirculated
flow increases as it could be seen on the previous set-up with the increase in magnitude of the
’jets’. On the front views, the flow pattern changes with the occurrence of two swirl centers in the
streamlines pattern for the view on the left (the same as before for higher MFR, and a second in
the top part) and an area of higher velocity magnitude on the top right part of the view near the
center of the window. On the side view, the magnitude of the flow in the top half part has also
increased but with flow entering the channel from the inlet. Hence, the decrease of the pressure
at IS3 is due an increase of the velocity in the vicinity of the sensors due to flow entering the
channel from the inlet. Thus, the flow in the section connecting the channels to the inlet near the
ported shroud edge is highly inhomogeneous at these operating points: flow exits the recirculation
channels with high speed on the pressure side of the ribs while on the other side low velocity flow
enters the cavities.
The next set of PIV measurements will be located in the mixing flow region near the ported
shroud edge in order to better understand how the flow patterns observed within the channel impact
the flow entering the impeller. Moreover these measurements will allow to determine with more
confidence the origin the of the large back flow swirl observed for the CS case at low MFR and
during part of the surge cycle for the OS case.
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5.4 PIV Measurements in the Mixing Region
The positions of the planes of measurements are shown on figure 5.12 with respect to the ported
shroud edge. The set-up of the camera(s) and the laser sheet used for these measurements was
shown in figure 3.15 (set-ups C1 and C2). Plane P1 was placed as close as possible to the ported
shroud surface considering the glowing in the image of the surface. In order to capture the shape
and the extend of the recirculated flow jets, two other planes are chosen located 12 mm upstream
(P2) and 13 mm downstream (P-1) of the plane P1. To minimize background interference in the
PIV processing, all the surfaces located downstream of the laser sheet were covered with paint with
rhodamine B dye.
Figure 5.12: Position of the planes of measurement with the polycarbonate inlet
Figure 5.13 presents the location of the selected operating conditions on the 64 and 88 krpm
speed lines for the two compressor cases. For the OS case, the MFRs were picked to span the entire
speed line with one point at choke (i, for 64 krpm only), one near best efficiency (ii), one near the
operating conditions 3.OS/4.OS (iii), and another near the surge line (iv). For the CS case, the
choice of the MFRs was such that one is at best efficiency (i), one near the surge line (v), and three
in the range where the pressure on the inlet wall near the inducer (IB1 to IB3) switches from
negative to positive values (ii, iii and iv) among the MFRs where measurements were taken (for
64 krpm there is no MFR between the points 3.CS and 4.CS defined earlier so there is no iii point).
For the planes P-1 and P1, the measurements where taken both with the one camera and
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Figure 5.13: Location of the flow velocity measurements in the mixing region at the inlet on the
64 and 88 krpm speed lines for both cases. Operating conditions identified on inlet pressure
evolution indicated.
two cameras set-ups. The one camera set-up permitted to have optical access to the entire inlet
diameter but only allowed to calculate two of the velocity components (within the plane). The two
cameras set-up allows to calculate the three components of the flow velocity but with a limited
area: because of the angle between the compressor axis and the cameras axis, part of the plane
of measurements is hidden by the bell mouth and inlet extension. This can be well seen on the
measurements presented below for P1 showing the z component of velocity (Vz) where the right
and left part are missing leaving measurements only in the middle and with an oval shape. For the
plane P2, measurements were only taken for the OS case in steady operation.
Since the planar velocity (x and y components of velocity, Vx and Vy) is measured twice (with
the two set-ups), for P-1 and P1, only the values obtained with the one camera set-up are shown as
they span a larger area. As shown in appendix A, the planar components of the measured velocity,
decomposed in radial and tangential components are consistent between the two set-ups. For each
of the selected operating conditions, the associated contour plots of Vxy and Vz are plotted above
one another with streamlines overlaid on top on both plots.
The results of the planar measurements will be shown first for the steady operating conditions
at 64 and 88 krpm for the OS case and then for the CS case, followed by measurements with
phase-locked averages during the surge cycle for the OS case and then for the CS case.
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5.4.1 Stable Operation in the OS Case
Because the results at 64 krpm and 88 krpm show a high degree of similarities, they will be described
together. Figures 5.14 through 5.20 present the velocity contours of the planar velocity Vxy and of
the normal velocity Vz in the measurement planes. The plots show the results for 64 and 88 krpm
on the planes P-1, P1 and P2.
For point i at choke, the flow is entering into the main passage (in front of the blades). On plane
P-1, Vxy is near zero but the effect of the flow going around the center bolt and the ported shroud
edge can be seen with the streamlines. On the Vz contour, the flow is homogeneously entering in
the field of view with lower velocities near the wall again due to the flow going around the edge
of the ported shroud. On plane P1, on the Vxy contour, the flow is directed radially inward with
higher magnitude near the inside of the wall and there is no swirl. On the Vz contour, we can see
that the flow is entering with high velocity in front of the main passage but the Vz magnitude is
low in front of the channels as it was seen on the previous set of measurements that the flow is
moving very slow within them (entering from the inlet). Finally on P2, the Vxy contour shows very
low magnitude everywhere and the flow is directed radially inwards into the main passage.
For point ii near best efficiency, the flow is still mainly entering through the main passage but
the effect of the flow recirculation through the channels is visible. On plane P-1, on the Vxy contour,
three vortices are clearly seen near the bottom right, bottom left and top left ribs. Near the top
right rib, there is also a disturbance but a full swirl is not captured (at 64 or 88 krpm). The velocity
magnitude inside the channels also increased creating the flow patterns observed with the previous
set-up. On the Vz contour, it can be seen that the vortex regions correspond to areas where the
magnitude is near 0 hence the recirculation jets create a local blockage near the wall in the main
passage. On P1 on the Vxy contour, the flow coming from the channels at each rib creates four
areas with higher velocity magnitude. On the Vz contour, while the flow still enters in the majority
of the area in front of the main passage, the jets show as areas with positive values as they come
out of the plane. The effect of the jets is also visible on P2 but it was seen in 5.2 that they did not
extend up to the plane much further upstream. These jets also introduce some tangential motion
to the inlet flow.
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Figure 5.14: Contours of Vxy and Vz on plane P-1 during steady operation for the OS case at
64 krpm for the selected MFRs (see figure 5.13 for the location of operating conditions on the
speed line)
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Figure 5.15: Contours of Vxy and Vz on plane P-1 during steady operation for the OS case at
88 krpm for the selected MFRs (see figure 5.13 for the location of operating conditions on the
speed line)
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Figure 5.16: Contours of Vxy and Vz on plane P1 during steady operation for the OS case at
64 krpm for the selected MFRs (see figure 5.13 for the location of operating conditions on the
speed line)
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Figure 5.17: 88k OS P1
Figure 5.18: Contours of Vxy and Vz on plane P1 during steady operation for the OS case at
88 krpm for the selected MFRs (see figure 5.13 for the location of operating conditions on the
speed line)
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Figure 5.19: Contours of Vxy on plane P2 during steady operation for the OS case at 64 krpm for
the selected MFRs (see figure 5.13 for the location of operating conditions on the speed line)
ii iii iv
Figure 5.20: Contours of Vxy on plane P2 during steady operation for the OS case at 88 krpm for
the selected MFRs (see figure 5.13 for the location of operating conditions on the speed line)
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For point iii, intermediate between the previous point and the surge line, on P-1 for the Vxy
contour the magnitude significantly increased within the channels and at the vortices which also
got bigger. In the channels, the flow is divided in two: flow going clockwise before the ribs and
counterclockwise after it. The impingement of the flow coming from the slot onto the outer wall
of the channel is illustrated by higher velocity near it and near 0 close to the inner wall. On
the Vz contour, the magnitude near the center has decreased as the MFR decreased. At the
vortices locations, the contour shows flow with slightly positive values (dark green) indicating that
there is flow moving upstream near the wall at these four locations. On P1 on the Vxy contour,
the magnitude also significantly increased from the previous point. The jets also extend further
towards the center of the inlet. From the Vz contour plot, it can be seen that while flow exits before
each rib (on the pressure side) creating the jets, the flow actually enters the channel before the rib
(blue areas on the top and bottom of field of view). The two separate flows that were observed
within the channels on P-1 correspond to this change of flow direction. Thus the flow coming out
on the pressure side of each rib partially reenters into the next channel on the suction side of the
rib. This is consistent with what was observed in the measurements with the previous set-up with
the large vortex in the channel length seen on the side view. Again the jets extend across P2 where
the location of maximum magnitude shifted clockwise due to the tangential velocity component
of the jets flow. Hence, the flow entering the main passage is perturbed by the jets which create
an inhomogeneous flow and even local backflow regions at each rib. Moreover, the shape of the
channel is clearly not optimized as flow from the inlet enters in some sections instead of only exiting.
For this MFR, the jets were also seen in the plane upstream of the inlet (figure 5.2 near 144 g/s)
showing that they extend far upstream.
Finally for point iv on the plane P-1, the planar velocity magnitude increased in the part of
the channel corresponding to the jets (pressure side of the ribs) indicating that the flow being
recirculated through the slot increased from the previous MFR. The general flow pattern is similar
to what was observed for point iii but the area perturbed by the vortices induced by the jets
increased in size and only a small region near the center of the plane enters with nearly fully
axial flow direction. Moreover in the areas with positive Vz, the magnitude of the back flow axial
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velocity increased. In addition to the local backflow areas, the jets induce the occurrence of a ring
of flow near the wall of the main passage with high tangential velocity, inducing a preswirl before
the inducer. The axial velocity magnitude entering towards the inducer (negative values for Vz)
decreased from the previous MFR, the smaller physical MFR results into smaller axial velocity.
On P1, even though the maximum magnitude of Vxy decreases from the previous MFR, the area
perturbed by the jets covers almost the entire section; the unperturbed area is slightly bigger at
88 krpm compared to 64 krpm. When comparing the magnitude of the flow entering (Vz)to the
previous MFR, on this plane, it increased despite the reduction of MFR. The reduction of the
area of the flow that is not blocked by the jets is such that the axial velocity has to increase in
the unperturbed area. On P2, at 64 kprm, the maximum magnitude of Vxy is equivalent to the
previous MFR but the jet are separated from the wall. At 88 krpm, the magnitude of Vxy increased
and the location of the jets is similar to point iii at 64 krpm. As the recirculated MFR from the
slot increases, the jets come up further upstream in the inlet and eventually detach from the walls.
Because what is preventing them from going upstream is the incoming flow and the speed of the
flow entering the compressor (proportional to the MFR) is larger at 88 krpm compared to 64 krpm,
the jets length along the axis is smaller for 88 krpm than for 64 krpm for a similar operating point.
As the MFR is decreased, the magnitude of the recirculated flow increases up to a maximum
value (no major change between points iii and iv) and creates jets near each of the support ribs. At
the face connecting the inlet to the cavities, flow is coming out near the pressure side of the rib to
produce these jets but near the pressure side, flow enters the channels from the inlet at low MFR.
This is consistent with the observations made with the previous set-up: a large vortex occurs within
the channel height with high speed flow exiting on one end and low speed low entering on the other.
The jets create large vortices that make the flow entering the main passage inhomogeneous and for
the lowest MFR with a significant preswirl especially near the wall. On P-1, local back flow on the
wall of the main passage is visible at each jet location.
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5.4.2 Stable Operation in the CS Case
Here again as the results at 64 krpm and 88 krpm are fairly similar, they will be described together.
Figures 5.21 through 5.24 present the velocity contours of the planar velocity Vxy and of the normal
velocity Vz in the measurement planes. The plots show the results for 64 and 88 krpm on the planes
P-1 and P1.
For points i and ii, situated near best efficiency (2.CS) and before the switch in inlet pressure
(3.CS) for 64 krpm and at 3.CS for 88 krpm, the flow enters smoothly into the main passage going
around the edge of the ported shroud. No flow motion is captured within the channels on P-1,
and Vz is near zero on P1 in the area in front of the channels. On P-1 and P1, in or in front of
the main passage, the magnitude of Vz decreases from point i to point ii (for point ii at 88 krpm,
the bottom right has erroneous values due to low laser intensity and high background reflexions on
the blades, the values should be negative in this area). The flow direction is radial and directed
inwards similarly to what was observed on the measurements upstream of the inlet in 5.2 save for
point ii on P-1 at 88 krpm, where the start of the back-flow is visible with velocity with a significant
tangential component on the bottom left of the main channel. For 88 kprm, the selected point ii is
at 3.CS whereas it is at a slightly higher MFR than 3.CS for 64 krpm which explains the difference
in behavior. Hence with this measurement at 88 krpm, it is shown that the increase of the pressure
on the wall in front of the inducer is linked to the start of the back-flow near the main passage wall.
For point iii, only measurements at 88 krpm are available as no data was taken at 64 krpm
between the conditions 3.CS and 4.CS so only the plots for 88 krpm are described. On P-1, back-
flow can be seen with high magnitude for Vxy and positive Vz near the wall on the main passage
however its intensity is lower than at point iv. On P1, there is no change in the flow pattern from
points i and ii, with the magnitude of Vxy decreasing in front of the ported shroud edge. Thus at
this MFR, back-flow is starting to occur as seen on P-1 but it does not extend up to the edge of
the ported shroud and is not visible on P1.
At point iv, which corresponds approximately to the condition 4.CS at the end of the inlet
pressure switch, on P-1, significant back flow occurs near the wall of the main passage with very
high tangential magnitude for Vxy, as shown by the streamlines direction, and positive values for
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Figure 5.21: Contours of Vxy and Vz on plane P-1 during steady operation for the CS case at
64 krpm for selected MFRs (see figure 5.13 for location of operating conditions on the speed line)
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Figure 5.22: Contours of Vxy and Vz on plane P-1 during steady operation for the CS case at
88 krpm for the selected MFRs (see figure 5.13 for the location of operating conditions on the
speed line)
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Figure 5.23: Contours of Vxy and Vz on plane P1 during steady operation for the CS case at
64 krpm for the selected MFRs (see figure 5.13 for the location of operating conditions on the
speed line)
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Figure 5.24: Contours of Vxy and Vz on plane P1 during steady operation for the CS case at
88 krpm for the selected MFRs (see figure 5.13 for the location of operating conditions on the
speed line)
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Vz. Unlike point iii, the back-flow now reaches P1 and flow with high tangential velocity occurs in
the bottom left half of the section (more towards the left at 88 krpm). Some flow motion occurs
in the top and left channels (visible on P-1) due to the large back-flow swirl extending far in the
inlet in this part of the circumference even if no flow is recirculated. Thus the end of the transition
region for the mean pressure near the inducer corresponds to the MFR at which the back-flow
reaches the inlet beyond the ported shroud edge. On the plane upstream of the inlet (set-up A),
this corresponds approximately to 141 g/s to 127 g/s where the back flow starts to be visible.
Finally at low MFR, at point v, the back-flow takes up the entire circumference of the measure-
ment sections. On P-1, back-flow with large swirl is present on the main passage wall. Only the
center part of the view allow flow into the inducer. On P1, the back-flow vortex occupies the entire
circumference and the Vz contour shows positive values confirming that the back-flow observed on
the plane upstream of the inlet does come from the inducer region. At 64 krpm, there is a clear
distinction between the flow entering and exiting through the plane materialized by a slip line where
the streamlines converge. At 88 krpm, the Vz contour is not axisymmetric and the swirl is stronger
on the bottom left. As a result of the back-flow vortex, there is a small flow motion within all the
channels (visible on P-1) as the fluid there is entrained by viscosity. On the plane in set-up A, a
large vortex was also measured for the lowest MFR.
Hence, a correlation was found between the conditions identified with the pressure evolution
near the inducer and the flow patterns occurring at different MFRs. At high MFR (1.CS to
3.CS), the flow enters smoothly into the compressor going around the ported shroud edge. The
transition between negative to positive relative pressure (between 3.CS and 4.CS) corresponds to
the development of back-flow on the wall of the main passage. The upstream extend of this back-
flow increases as the MFR is decreased until it reaches the edge of the ported shroud approximately
at 4.CS. At MFRs below 4.CS, a large vortex created by the back-flow occurs in the inlet. This
vortex induces flow motion within the channels even if there is no recirculation through the slot.
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5.4.3 Surge in the OS Case
In addition to the measurements taken during the steady operation of the compressor, measure-
ments were also taken during the surge cycle to reveal the evolution of the flow patterns. To obtain
the data at each phase, the same phase-lock triggering apparatus as for the measurement outside
of the inlet described in 3.11 was used. Data were recorded for 24 phases during the surge period
and for each of them 300 pairs of images for 2D2C, or double pairs for 2D3C, were used to create
an average flow field; only 8 phases are shown here. Figure 5.25 presents a typical signal at the
compressor outlet during surge for one period with the evolution of Pout versus phase for the two
cases. As previously, first the results for the OS case at 64 krpm are shown followed by those for
the CS case in the next section.
OS case CS case
Figure 5.25: Outlet pressure signal during a surge period for Os and CS cases.
Figures 5.26 and 5.27 present the velocity contours of the planar velocity Vxy and of the normal
velocity Vz in the measurement planes P-1 and P1 for the OS case. The flow patterns during the
surge cycle can roughly be divided in two: between 315◦ and 90◦ and between 135◦ and 270◦. This
corresponds roughly to the increase between 270◦ and 90◦ and the decrease between 90◦ and 270◦
of Pout. Between 315
◦ and 45◦, the flow pattern is similar to what was observed for the steady
case: four jets near each of the rib create large vortices that perturb the flow entering the inducer
and creating four back-flow regions on the wall of the main passage. On P-1, the planar velocity
within the channels increases in magnitude as the outlet pressure increases. On the unperturbed
area near the center, Vz magnitude remains nearly constant. On P1, the flow is also similar to the
steady operation. This part of the cycle corresponds to the pressure build up at the outlet when
the compressor operates close to the steady state operation.
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0◦ 45◦ 90◦ 135◦
180◦ 225◦ 270◦ 315◦
Figure 5.26: Contours of Vxy and Vz on plane P-1 during surge for the OS case at 64 krpm for
selected MFRs. The angles correspond to the phases of the oscillation of Pout.
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0◦ 45◦ 90◦ 135◦
180◦ 225◦ 270◦ 315◦
Figure 5.27: Contours of Vxy and Vz on plane P1 during surge for the OS case at 64 krpm for
selected MFRs. The angles correspond to the phases of the oscillation of Pout.
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At 90◦, blockage start to occur as it can be seen in the Vz contour on P-1: the absolute magnitude
decreases in the unperturbed area as well as the back-flow at each rib. The magnitude of Vxy in
the channels also increases indicating that more flow is being recirculated. On P1, the magnitude
of the planar velocity in the jets decreases. At 135◦ on P-1, the magnitude of the planar velocity in
the main passage decreases and the back-flow is now occurring on the entire circumference of the
main passage, similarly to what was observed for the CS case during steady state operation at low
MFR. On P1, the magnitude of the planar velocity of the jets decreases further and the negative
values for Vz get closer to zero while the area covered by the positive Vz due to the jets increases.
The phases around 90◦-135◦, the outlet pressure has reached its maximum and starts to decrease
slightly (see figure 5.25).
After 135◦, which correlates with the drop in outlet pressure and corresponds to 180◦ and 225◦
on the plots, the magnitude of Vxy on P-1 becomes very high as a large swirl exists in the main
passage with stronger back-flow (Vz > 0) near the wall. On P1, the effect of the jets has receded
and a single large swirl which size correspond the diameter of the wall of the main passage is the
dominant structure. On the Vz contour, strong back-flow can be seen on the entire circumference.
This part of the cycle corresponds the decrease of MFR and the negative MFR. It is important to
note that even at this moment in the surge cycle, flow enters in the center of the inlet, however the
balance between the flow entering in the center and exiting near the wall is negative.
Finally at 270◦, which corresponds to the minimum pressure at the outlet of the compressor,
the swirl strength in P-1 decreases (magnitude of Vxy decreases) and the absolute magnitude of Vz
increases near the center. On P1, the swirl is still strong as the magnitude of Vxy is still very high
in front of the ported shroud wall. Around this phase in the cycle, the compressor is starting to
recover from the pressure drop and strong back flow responsible for the negative MFR. The recovery
is first visible on P-1. After 270◦, as described earlier, the compressor behaves close to a steady
operation and the flow pattern goes back to be similar to the steady state as the PR increases.
Hence the flow pattern before the pressure drop are similar to the steady operation and during
the pressure drop, strong back-flow due to flow expelled from the inducer creates a large vortex
moving upstream in the inlet. These flow patterns correlate with what was observed upstream of
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the inlet in 5.2.
5.4.4 Surge in the CS Case
The last sets of PIV measurements are presented in figure 5.28 and 5.29 with the measurements
during surge for the CS case at 64 krpm on the planes P-1 and P1.
First it can be noticed that at any point during the cycle, a flow pattern with no swirl and the
flow entering smoothly (radially) into the main passage is present. Similarly to the OS case, the
flow patterns can be separated in two, this time, based on the intensity of the swirl and back-flow
and for both planes: between 315◦ and 45◦ with relatively weak swirl, and between 90◦ and 270◦
with relatively strong swirl. This corresponds to the increase and decrease of Pout during the surge
cycle with a small delay.
At phases 315◦ to 45◦, the swirl and back flow are the weakest correlating with the pressure
increase at the outlet, when the compressor operates the closest to steady state. For this part of
the cycle, the maximum magnitudes of Vxy and Vz are in the same order as for the steady case at
low MFR (respectively around 100 m/s and +60 m/s for the back-flow).
Between phases 90◦ and 270◦, the strength of the swirl and back-flow is the highest: the
magnitude of Vxy is very high near the wall in P-1 and in front of the ported shroud wall in P1 and
principally with a tangential component, and the magnitude of positive Vz increases. On P-1, the
absolute magnitude of Vz in the center (flow entering) decreases from 90
◦ to 225◦ with the lowest
values at 180◦ and 225◦ which corresponds to the part of the cycle when the MFR is near zero.
This part of the cycle corresponds to the pressure drop at the outlet of the compressor (see figure
5.25) and when the MFR was decreasing (see figure 5.9).
Hence near the center, the flow is entering during the entire cycle. The magnitude of the back
flow varies with the evolution of PR and thus the MFR as it is the balance between the two. For
the CS case, the flow pattern does not vary as much as for the OS case as there is no recirculation
jets.
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0◦ 45◦ 90◦ 135◦
180◦ 225◦ 270◦ 315◦
Figure 5.28: Contours of Vxy and Vz on plane P-1 during surge for the CS case at 64 krpm for
selected MFRs. The angles correspond to the phases of the oscillation of Pout.
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0◦ 45◦ 90◦ 135◦
180◦ 225◦ 270◦ 315◦
Figure 5.29: Contours of Vxy and Vz on plane P1 during surge for the CS case at 64 krpm for
selected MFRs. The angles correspond to the phases of the oscillation of Pout.
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Conclusion on the Planar Velocity Measurements (PIV)
Velocity flow measurements were taken in several planes at the inlet of the compressor to identify
the flow structures occurring for the OS and CS cases. For a given speed, their evolution was
described with the MFR during steady state operation and with the outlet pressure oscillation
during surge. From the changes of the mean static pressure measured at the compressor inlet
for the two considered speeds, several MFR ranges are identified and correlated to different flow
patterns within the channels for the OS case and in the main passage for the CS case. At high
MFR, the flow patterns are similar for both cases: the flow enters smoothly the main passage going
around the ported shroud edge. However, the inlet flow is significantly different between the OS
and CS cases when the MFR is decreased.
In the CS case, two flow patterns are observed when varying the MFR. At high MFR, flow
smoothly enters into the main passage going around the ported shroud edge. At low MFR, there
is a swirling back flow near the wall of the main passage due to inducer tip recirculation. This
back flow extends upstream in the inlet and increases in strength as the MFR is decreased. The
transition between the two flow patterns corresponds to the transition between the negative to
the positive mean pressure at the inlet. On the flow, the bounds of the change of inlet pressure
correspond to the MFR at which the tip recirculation starts and when it extends up to the ported
shroud edge.
In the OS case, flow is recirculated through the machined slot starting at MFR slightly above
the best efficiency MFR and increases in intensity as the MFR is decreased. Hence, the flow is
directed in the recirculation channels and recycled into the compressor inlet. However, due to
the shape of the channels and the supporting ribs, the flow exits on the pressure side of each rib
creating back flow jets with a significant swirling component that extend upstream. The strength
and upstream extent of the jets increase with decreasing MFR.
With the set of measurements within the channel, it was seen that different flow patterns occur
as the MFR changes. The flow recirculated through the slot impinges both on the pressure side of
the rib and on the outer wall, which creates two main swirls: one in the channel height and a large
one along the channel. For MFRs in the middle of the range, the flow is neither entering nor exiting
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on the suction side of the ribs whereas for low MFRs, flow enters on the suction side of the rib
partially coming from the jet of the adjacent channel. This results on a highly inhomogeneous flow
at the outlet of the recirculation channels. Due to the circumferential variation of the flow from the
channels and the swirling component of the jets, local vortices and back flow in the main passage
occur near the wall for each rib location. Hence the recirculation jets create a local blockage near
the wall in the main passage, as well as at the compressor inlet reducing the area of unperturbed
flow entering axially into the inducer.
The slot helps alleviate the inducer tip recirculation back flow occurring at low MFR for the CS
case. The reduction in the instability levels observed previously in the outlet pressure correlates
with this back flow reduction. However the shape of the recirculation channels induces a non-
axisymmetry in the flow entering in the compressor which can reduce the overall stability.
During the surge cycle, when the outlet pressure increases, the flow patterns at the inlet are
similar to those observed in the steady case for low MFR. When the outlet pressure decreases, in
both cases, a strong swirling back flow from the inducer is observed which extends upstream in the
inlet. From the PIV measurements, the MFR at the compressor inlet was estimated and compared
to the PR during surge. For the OS case, the MFR becomes significantly negative during part of
the cycle but hardly for CS case where it stays near 0 during part of the cycle. This can be linked
to the higher standard deviation for the discharge pressure signal occurring in the OS case during
surge: the reduction of the instabilities at the inlet makes the surge phenomenon more intense for
the OS case.
Comparing the evolution of the compressor operation during the surge cycle to the steady state
speed line, it appears that the compressor operation during surge is not really quasi-steady. Indeed,
the operating conditions do not follow the steady state speed line even if the velocity vector fields
during part of the surge cycle are similar to those measured in steady state.
Finally, it is interesting to note that the three-dimensional structure of the flow occurring during
surge indicates that whereas fully reversed flow occurs in average, the flow at the inlet is never
exiting the compressor inlet on the entire area. There is always some air entering the compressor
inlet in the core region, and at a higher axial velocity than when the mass flow is positive.
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Chapter 6
Impact of the Inlet Configuration on
Overall Performance
From the results presented in the previous chapters, it was seen that the installation of the casing
treatment reduces the instabilities at low MFR. In this chapter, to quantify the impact of the
inlet configuration on the overall compressor performance, different inlet piping configurations and
different casing treatments were tested and are compared.
6.1 Impact of the Configuration of the Inlet Piping
6.1.1 Experimental Configurations
The inlet configurations that were tested include the bell mouth and long pipe configurations
previously used as well as an extension of the ported shroud with or without flow separation, and
the use of a flow straightener (honeycomb section near the inducer). Figure 6.1 shows schematics
of the various configurations.
The configuration with the bell mouth (1) corresponds to the inlet set-up that was used during
the PIV measurements. The purpose of this mounting is to keep the inlet as short as possible to
keep visual access to the inlet while allowing a smooth flow entrance with no sharp corners. The
configuration with the pipe (2) is the configuration used for the majority of the pressure measure-
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Figure 6.1: Inlet Piping configurations tested in the study.
From left to right, top row: bell mouth, long pipe, extension of inner shroud. Bottom row:
extension of inner shroud with complete separation, long pipe with honeycomb, dimensions of
honeycomb.
ments and is similar to what would be used in practice. The configuration with the ported shroud
extension (3) consists on attaching a pipe with a diameter close to the inducer diameter therefore
extending the inducer inlet and keeping the recirculation channels open to the ambient, the pipe
length was approximately 350 mm. The extension of the ported shroud with complete separation
(4) is the same as the previous configuration with the addition of a solid wall preventing back
flow from the channels from affecting the flow entering into the inlet pipe. With the configuration
3, the back flow from the channels would extend far upstream at least as far as the inlet of the
smaller diameter inlet pipe. Finally, the configuration with a pipe and honeycomb (6) is similar to
the configuration 2 with the addition of a section of honeycomb in front of the ported shroud. Its
characteristic dimensions are given n the bottom right of the figure. The honeycomb is used as a
flow straightener and is expected to reduce the swirl of the inlet flow.
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6.1.2 Performance Comparison
The comparison between the cases with a bell mouth (1), the pipe a the inlet (2), the ported
shroud extension (3), and with a separator (4) is presented in figure 6.2. As the compressor inlet
temperature is measured at a single point in front of the main entrance, the calculation of the
efficiency is biased with the bell mouth configuration at low MFR as the temperature reading is
for a mix of ambient air and recirculated flow (at a higher temperature than the ambient) not
representative of an inlet state. Besides the operating points at low MFR, the efficiency is very
close between the configurations 1 and 2. For the extended ported shroud configurations (3 and
4), the inlet temperature is measured at the inlet of the pipe and the efficiency calculation (1.3)
does not account for the recirculated flow as a secondary outlet. For these configurations, the value
of the efficiency is based on the temperatures at the inlet of the pipe and the outlet which do not
have the same MFR and therefore is only an apparent efficiency. An accurate efficiency calculation
would have to take into account the recirculated flow as an outlet.
The PR for the configuration 1 is slightly higher than the configuration 2 and the surge limit
is the same at 64 krpm and better for the shorter inlet (1) at 88 krpm as previously noted in the
previous chapter when presenting the mean pressure values at the compressor inlet.
The standard deviation (σ2, calculated on parts of the signal see 4.2) has almost the same values
along the speed lines, except at high MFR (available for 64 krpm only) where it is a little higher
for the bell mouth inlet. The MFR where instabilities increase (bump at low MFR, out of surge) is
also the same. Hence, the configurations 1 and 2 have a similar overall performance and behavior
as it was assumed earlier when comparing the results between the pressure and PIV measurements.
Regarding the other configurations (3 and 4), at MFR below the peak efficiency (for config-
uration 1 or 2), the PR is higher for configuration 3 and even higher for configuration 4. It is
hypothesized that this is a result of the suppression of the blockage created at the inlet by the
recirculated flow when it mixes with the incoming flow, as seen with the PIV measurements in
the previous chapter. However in the configuration 3, the jets due to the recirculated flow create
instabilities at the inlet pipe entrance. Hence further improvement is achieved with configuration
4 by removing the effect of the recirculated flow on the flow entering the pipe.
191
Figure 6.2: Impact of the extension of the inner shroud on the compressor performances (PR, σ2
and efficiency). Comparison for the 64 kprm (left) and 88 krpm (right) speed lines with
configurations 1 , 2, 3 and 4 (see figure 6.1).
Regarding the stability of configurations 3 and 4 compared to the baseline configurations (1
and 2), it is similar at 64 krpm and, in a certain way, improved at 88 krpm. Indeed at 64 krpm,
even if the absolute MFR where surge first occurs is higher for the configurations 3 and 4, as the
PR is significantly increased, this is expected from the surge line shape on the compressor map (see
figure 4.4). Similarly, considering the evolution of σ2, the beginning of the increase at low MFR
occurs at a higher MFR but when looking at the overall compressor map, this is expected as the
PR is higher. The instability levels outside of surge occurrence are the same at low MFR and lower
at high MFRs as the effect of the flow mixing are suppressed.
At 88 krpm, two surge limits can be considered for the configurations 3 and 4: one when the
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average PR drops significantly (137 g/s for configuration 3, and 161 g/s for 4), another when the
characteristic presents an inflection (198 g/s for configuration 3, and 213 g/s for 4). The first
one corresponds to the occurrence of deep surge and if it is considered, then there is a significant
improvement on the surge limit. However the levels of σ2 are relatively high (at 9 kPa and above)
and the compressor may be experiencing mild surge. Moreover the inflection may be the result of
significant inlet back flow. Hence, if there is a limitation on the instability levels, the second surge
limit would be selected. Thus the observations made for 64 krpm remain valid: surge occurs at a
higher MFR but also a higher PR keeping the surge line on the map unchanged.
At both speeds, the apparent efficiency is also much higher for the configurations 3 and 4. Even
if this is not a real efficiency, it shows that if the recirculated flow can be removed the flow at the
compressor outlet would be cooler for the same MFR and PR.
Figure 6.3 shows the comparison between the configurations with a pipe (2) and with a pipe
with a section of honeycomb at the inlet (5). The hypothesis for this test was that straightening
the flow entering the inducer could improve the stability of the compressor as it was seen that the
recirculation channels and supporting ribs introduce pre-swirl and inhomogeneity at the compressor
inlet. To evaluate the pressure loss across the honeycomb, a separate test was done where a few
points were measured for MFRs spanning the MFR range of the compressor (at 64 and 88 kprm)
with honeycomb placed in the beginning of the pipe and without it. No significant difference in
the outlet pressure was observed for the same atmospheric pressure. Hence, it is assumed that the
pressure loss through the honeycomb section is negligible.
Comparing the PR, it can be seen that the surge limit is improved with the implementation of
the honeycomb: marginally at 64 krpm (69 to 65 g/s) and significantly at 88 krpm (178 to 111 g/s).
The efficiency is the same at the two speeds considering the error on the measurements out of surge.
Comparing the standard deviation of the outlet pressure, on one hand, at 64 krpm despite some
variation in the stable regime, there is no significant change in the magnitude or the MFRs where
the instabilities start at low MFR. On the other hand, at 88 krpm, although the compressor can
be maintained stable for lower MFRs with configuration 5, instabilities start at a higher MFR (the
last point before the increase is at 178 g/s for configuration 2 and 204 g/s for configuration 5).
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Figure 6.3: Impact of the installation of a honeycomb (HC) flow straightener at the inlet on the
compressor performances (PR, σ2 and efficiency). Comparison for the 64 kprm (left) and 88 krpm
(right) speed lines with the configurations 1 and 5 (see figure 6.1).
Reducing further the MFR, with configuration 2 the compressor experiences deep surge whereas
for configuration, 5 there is a zone of relatively high instabilities between 150 and 202 g/s, and
beyond the compressor becomes steady again up to 110 g/s where deep surge occurs. Hence if the
instability levels (near 9 kPa) are considered acceptable, the surge limit is significantly improved
with the use of the honeycomb. The improvement brought by the honeycomb may be due to the
straightening of the flow coming out of the flow entering the inducer as well as of the cavities as
the honeycomb section also covered the recirculation channels exit.
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6.2 Impact of the Configuration of the Casing Treatment
6.2.1 Experimental Configurations
Since it was seen that the current inlet recirculation casing treatment creates inhomogeneous flow
at the inlet of the compressor and induces pre-swirl, a new inlet was designed in order to test
different casing treatments and therir influence on the stability of the compressor. Schematics of
the designs are presented in figure 6.4 and the technical drawings of the parts in appendix B.
This inlet is mainly composed of five parts: the volute (same hardware used for the PIV
measurement with the transparent inlet), the outer shroud (grey), the inner shroud (blue), the
ribs (red), and a ring to close the recirculation cavity (green). The outer and inner shroud inside
diameters and the inner shroud outer diameter are the same as in the original inlet. All the
assemblies are such that the slot width is constant at 2 mm, and the slot angle is 45◦ from the axis
(it was at 90◦ in the original design).
Figure 6.4: Different casing treatment configurations tested. Left: interchangeable sets of ribs.
Middle: Closed cavity with open slot. Right: reinjection with different angles (with swirl and not).
In the middle picture, the green part allows to close the recirculation cavity while keeping the
slot open. This part allows to test a case with no recirculation (CS case) without applying silicone
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to seal the slot. A set of inner shrouds was machined with holes to reinject the pressure built-up in
the cavity near the inducer (right picture). 24 circumferentially equally spaced holes were created
with a diameter of 3 mm for each of the parts. The holes were drilled with several angles with
respect to the axis of rotation and coplanar with the axis (at 20◦, 30◦, and 45◦) to study the
influence of the angle of injection and the distance between the injectiopn and the leading edge.
Indeed, the way the holes are drilled, because the start of the hole on the outside diameter of the
inner shroud is at the same location (see drawings), the smaller the angle is the closer the point of
reinjection in the main passage is to the inducer. For the 30◦ angle, two additional shrouds were
drilled with a tangential angle of −30◦ and +30◦ to introduce pre- and counter-swirl in the inducer
near the shroud. For the set-ups with pierced inner shrouds, no ribs were present in the cavity.
Finally, three different interchangeable sets of ribs were designed (left picture). The first set
consists of straight ribs with the same dimensions as the original design to create a baseline case
similar to the OS case. For the second set, the ribs were machined with a tangential angle to
introduce pre-swirl and reduce the impingement of the flow coming from the slots. The last set of
ribs was machined with a spoon shape to turn the flow from the slot and introduce counter-swirl
while reducing the impingement of the flow coming from the slots. The design is also such that the
inner shroud can be supported solely with screws removing the need for ribs.
Table 6.1 recaps the cases that were tested. For each case, the column swirl indicates if an inlet
pre-swirl or counter-swirl is expected, or the tangential angle of reinjection for the drilled inner
shrouds. For all the tests, a pipe was connected at the inlet.
6.2.2 Performance Comparison
The comparison of the overall performances will include: the straight ribs case versus closed cavity
case (cases 1 vs 5), the straight ribs case versus the reinjection cases with no tangential angle (cases
1, 6, 7 and 8), the reinjection cases at 30◦ from the axis with and without swirl (7, 9 and 10), and
the cases with the cavity open and the various sets of ribs and no ribs (case 1, 2, 3 and 4).
The same layout is used for the figures presenting the comparison of the results. The surge limit
was defined using the value of σ2 at 3 kPa for 52 krpm, 5 kPa for 64 krpm and 8 kPa at the other
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Table 6.1: Cases to be tested for casing treatments
Case # Ribs Cavity Injection angle Swirl
1 Straight Open N/A
2 Inclined Open N/A Pre
3 Spoon-shaped Open N/A Counter
4 No Ribs Open N/A Pre
5 No Ribs Closed N/A
6 No Ribs Closed 20◦ 0◦
7 No Ribs Closed 30◦ 0◦
8 No Ribs Closed 45◦ 0◦
9 No Ribs Closed 30◦ −30◦
10 No Ribs Closed 30◦ +30◦
speeds, these value were chosen to be consistent with the observations in chapter 4 and account for
the smaller absolute value of the instabilities at the lowest speeds. Each diamond marker represents
a measured point and the points considered in surge are represented with an empty diamond (filled
for the stable operating conditions).
On the top left corner, the characteristic speed lines (PR vs corrected MFR) at 52, 64, 76,
84 and 88 krpm are shown. The defined surge line is materialized by a thin continuous line. The
efficiency, calculated with equation 1.3, is shown on the top right corner. On the bottom left corner,
the evolution of the standard deviation of the pressure at the outlet of the compressor is presented,
calculation as σ2 as explained in section 4.2. Lastly, the value of the standard deviation was added
to/subtracted from the mean outlet pressure and divided by the inlet pressure to create a PR plus
or minus the instability level. The map for these pseudo PRs are displayed on the bottom right,
only the operating out of surge are shown.
Straight Ribs vs Closed Cavity
The comparison between the case with straight ribs (1) and the cavity closed (5) is presented in
figure 6.5. For the 64 krpm speed line, the comparison with a casing treatment with closed cavity
and with the slot sealed with silicone (labeled Closed Slot) is also displayed. This speed line was
taken in order to verify that the same results are obtained when the slot is sealed and when only
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the cavity is closed: it appears that the results are very similar with just a slightly higher σ2 for the
Closed Slot case but the efficiency and PR are line on line. Therefore the case with closed cavity
is assumed to be equivalent to the CS case studied previously.
The characteristics comparison is similar to the comparison that was made between the OS and
CS case in chapter 4 and figure 4.1. The PR is higher at low MFR for the case 1 and case 5 presents
a camel-back shape in the speed line. The levels of instability are higher for the case 5 particularly
at low MFR and the instability increase occurs for a higher MFR compared to the case 1. Yet the
efficiency for the case 1 is lower than for the case 5 with a bigger difference at low MFR. However
there is a difference from the previous comparison: here the case 5 shows a better choke margin
for the high speeds where it was the same before. This could come from the difference in the slot
angle (it was 90◦ to the axis with the original design and 45◦ with the new one).
Hence there is a good match for the new cases with the OS and CS cases studied previously in
this work and the case 1 is a good baseline to evaluate the performance changes with the modified
casing treatments.
Various Injection Angles without Swirl
Here, the cases with a closed cavity with reinjection holes machined in the inner shroud without
tangential angle (cases 6, 7 and 8) are compared between each other and to the case 1 as baseline.
On the characteristics curves, it can be seen that for all speed lines at MFRs higher than the peak
efficiency the PR is higher, the efficiency is higher for the reinjection cases, and the values for σ2
are equivalent.
Below the peak efficiency MFR, the speed lines display an inflexion point similar to what was
observed with the ported shroud extension in the previous section, and the PR becomes close to
the baseline PR. Also, there is a difference in behavior between the low speeds (up to 76 krpm)
and the high speeds (above 84 krpm). For the low speeds, the injection with an angle of 45◦ (the
farthest from the inducer leading edge, case 8) gives the best performance with improved surge
limit for similar or lower stability levels and better efficiency compared to the baseline.
At high speeds, still for MFRs below the peak efficiency, the case 8 presents very high levels of
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Figure 6.5: Comparison of the compressor performance between the case with straight ribs (1)
and the case with the cavity closed (5).
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Figure 6.6: Comparison of the compressor performance between the case with straight ribs (1)
and the cases with holes in the inner shroud (closed cavity) and no induced swirl with an
injection angle at 20◦ (6), at 30◦ (7), and at 45◦ (8)
instabilities and the surge limit is significantly reduced compared to the others cases. The cases
with reinjection at 20◦ and 30◦ (cases 6 and 7) show similar behavior in PR, efficiency and σ2
levels. The improvement in efficiency and PR are suppressed and the instability levels at low MFR
are higher compared to the baseline. With the chosen limit on σ2, the surge limit is improved
at 84 krpm but worsen at 88 krpm. But as it can be seen best with the pseudo PR curves, the
instability levels at 84 krpm are higher near the surge line for the cases 7 and 8 compared to the
baseline and a tighter limit on σ2 would give the baseline a better surge limit.
Hence at high MFR, the compressor performs better with the closed cavity and reinjection. At
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low MFR, for low speeds the performances are close to the baseline with an improvement of the
surge limit, but at high speeds, the surge limit is reduced. The difference in behavior between low
and high speed can be due to the size of the holes which can limit the quantity of flow that can
be recirculated: at low speeds enough flow can be recirculated to stabilize the compressor but at
high speeds a limit is reached in the amount of flow recirculated. More holes or holes with a bigger
diameter could improve the stability at high speeds.
The difference in stability between the different angles could be due to the blockage that a flow
injected radially creates on the entering flow. As it was seen with the jets in the PIV measurements
for the OS case, back flow occurs at the location of the jets. Similarly the flow coming from the
holes when injected with the larger angle (case 8) could induce back flow in the main passage by
separating the entering from the wall and therefore increase blockage at the inlet.
Various Injection Angles with Pre- and Counter Swirl
Figure 6.7 compares the results obtained with holes machined through the inner shroud with an
angle of 30◦ with respect to the axis and with a tangential angle of −30◦ (pre-swirl, case 9), 0◦ (no
induced swirl, case 7), and +30◦ (counter-swirl, case 10) still with a closed cavity.
Globally, apart from the surge limit at high speeds, the addition of a tangential angle to the
reinjected flow does not alter the performance and the three cases are very close to each other. The
only differences are for the case 10 (counter-swirl induced), the PR is marginally lower overall and
the efficiency slightly better at low MFR but the variation is small enough that it could be due to
measurement error.
Again there is a difference in the surge limit between the low and high speeds. At low speeds,
the surge limit is the best for case 10 (counter-swirl) which shows the lowest σ2 values at the lowest
two speed lines (52 and 64 krpm) at low MFR. For the mid speed line (76 krpm), σ2 is almost
the same for all the cases. At low MFR for the highest speeds (84 and 88 krpm), the instabilities
are higher for the cases with induced swirl and the highest for the case with pre-swirl and even
cause surge occurrence at a much higher MFR at the highest speed. With the current design of
the holes, when a tangential angle is added, the length of the channels created by the holes is
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Figure 6.7: Comparison of the compressor performance between the cases with holes in the inner
shroud (closed cavity) with an injection angle at 30◦ and an angle to the axis of 0◦ (7), −30◦ (9),
and at +30◦ (10)
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increased, increasing the pressure drop through them and reducing the maximum flow that can be
recirculated limiting the benefit of the casing treatment.
Hence again, the surge limit is improved at low speeds but worsen at high speeds compared
to the baseline. Only a small gain is obtained at low speeds with the counter-swirl reinjection
compared to the case without swirl but this gain vanishes at high speeds.
Various Sets of Ribs
The last set of tests of casing treatments compares different rib sets (cases 1 through 4) with the
recirculation cavity open. The PR is similar for all the cases with ribs. The case with no ribs has
a lower PR at low MFR.
The efficiency is similar between all the cases at high MFR (above the peak efficiency). At low
MFR however, all the cases are bound by the straight ribs case (1) as low limit and the no ribs
case (4) despite its lower PR as high limit. The other two cases (2 and 3) are similar between each
other and are close to the no ribs case at low speeds (52 and 64 krpm), and close to the straight
ribs case at the higher speeds.
The difference in the efficiency at low MFRs can be explained by the rib designs: at low speeds
the cases with no ribs or with the ribs that are curved at the end of the cavity near the slot are
closer to the streamlines of the flow coming out of the slot and therefore reduce the impingement
on the ribs. For the case 1, the flow impinges strongly on the straight ribs. At high speeds, the
angle of the rib at the bottom of the cavity may not be matching the angle of the flow recirculating
through the slot leading to significant impingement and therefore the efficiency between all the case
with ribs becomes similar and lower than the case with no ribs. Hence as suspected from the flow
measurements measurements in and near the recirculation cavity, the loss of efficiency with the
current design with straight ribs compared to the CS case is very likely due to the impingement of
the slot flow onto the ribs.
Regarding the instability levels, the cases can be divided in two groups. On one side, the cases
with no ribs and inclined ribs are close for the majority of the speed lines, this is expected as
both these configurations introduce pre-swirl in the flow entering the compressor. On the other
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Figure 6.8: Comparison of the compressor performance between the cases with straight ribs (1),
with inclined ribs (2), with spoon-shaped ribs (3), and no ribs (4)
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side, the case with straight ribs and spoon ribs. The latter two have lower σ2 values at low MFR
more noticeably at high speeds (third speed line and above: 76, 84 and 88 krpm). Finally for the
majority of the speeds (3 out of 5), the case with spoon ribs (case 3) gives the best surge limit and
the worse case is with no ribs. This matches with the results of the drilled inner shrouds where the
case inducing a counter-swirl gave better surge limit improvement at low speeds.
6.3 Holes Through the Tongue Wall
In addition to the changes on the casing treatment, a modification in the tongue region was also
tested. With the pressure measurements presented previously in chapter 4, it was seen that the
pressure difference across the tongue was growing when departing from design conditions. Also, it
was hypothesized that the stability of the compressor at low MFR (surge limit) was linked to the
pressure gradient across the tongue relative to the outlet pressure. Hence, four diameter 1/8” holes
were drilled through the tongue connecting the area under the tongue to the volute discharge. The
idea was to equalize the pressure on both side of the tongue and at low MFR, avoid flow going
around the tongue because of the low pressure region under it.
Figure 6.9 presents the performance of the compressor with the housing with holes through the
tongue compared to the compressor with straight ribs. Only the speed lines at 64 and 88 krpm
were measured. For the lower speed, the comparison with the straight ribs case gives a lower PR
in the middle of the speed line and similar elsewhere. The efficiency is the same at low MFR and
slightly better at high MFR. The instabilities at low MFR are lower but the surge limit is identical.
At the higher speed, for MFRs below the peak efficiency, the PR and the efficiency are lower
compared to the straight ribs case. The σ2 value is higher at low MFR and the surge limit occurs
at a higher MFR for the holed tongue.
Hence this change in he compressor housing reduces the performances of the compressor and
altered the surge limit negatively at high speed.
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Figure 6.9: Comparison of the compressor performance between a regular volute tongue and with
holes through the volute tongue
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Conclusion on the Impact of the Inlet Configuration
Two types of changes at the compressor inlet were studied: only with external modifications to the
existing compressor housing and with modifications of the casing treatment itself.
First only with external modifications, extending the ported shroud wall and separating the
recirculated flow from the inlet flow increased significantly the PR especially at low MFRs. The
stability limit was not significantly altered considering a low level of instabilities as the surge
criterion. Yet the occurrence of deep surge was delayed for the high speed. Similarly, mounting a
honeycomb section at the compressor inlet increased the surge limit at high speed with a transitional
MFR range with high levels of instabilities but with no significant impact on the compressor
performances (PR and efficiency).
The apparent efficiency for the extended ported shroud is much higher compared to the baseline
for MFR below the peak efficiency. Thus if it is possible to bleed the recirculated flow without
reinjecting it at the inlet, it is possible to artificially increase the PR and efficiency of the compressor.
The second type of modifications included changes in the casing treatment itself changing the
ribs shape and creating holes in the ported shroud wall closing the recirculation cavity. The case
with four straight ribs and open cavity was selected as baseline.
For the drilled inner shroud and closed cavity, all the configurations improved both the PR and
the efficiency for MFR above the peak efficiency. At low MFRs and low speeds, the surge limit is
improved and the best configuration is with an angle of 45◦ (reinjection furthest from the leading
edge) and with induced counter-swirl. At low MFRs and high speeds however, the instabilities
increased and the surge limit worsens compared to the baseline. It is suspected that the holes only
allow a limited amount of flow to be recirculated due to the reduction of section and therefore
function adequately at low speeds but are undersized for the high speeds where the recirculated
MFR is higher.
For the change on the supporting ribs shape with an open cavity, the loss in efficiency observed
with flow recirculation appears to be due to the presence and shape of the ribs: the impingement
on the ribs are a major source of losses as suspected. The case without ribs despite having a lower
PR at low MFR showed the best efficiency and the baseline with straight ribs, the worst. The
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inclined and spoon ribs have an intermediate efficiency: close to the no ribs case at low speed
and close to the baseline at high speed. At high speeds, the angle of the ribs near the slot is not
sufficient to match the angle of the slot flow and significant impingement occurs similarly to the
baseline. Overall the spoon rib case showed the best improvement on the surge limit. Hence the
configurations (with holes and ribs) inducing counter-swirl at the inlet give the best surge limit
improvement.
Finally, a test was done with modification to the housing itself drilling holes through the tongue
to equalize the pressure across it. This change reduced the PR and deteriorated the surge limit at
high speed.
The benefits observed with the tested casing treatments can likely be further enhanced. For the
inner shroud with holes, bigger and/or more holes may improve the surge limit at higher speeds
allowing more flow to be recirculated. For the ribs, increasing the number of ribs would reduce the
intensity of the recirculating jets and a rib shape optimized to match better the angle of the flow
recirculation through the slot can improve the efficiency at low MFR.
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Conclusions
In the present study, a turbocharger centrifugal compressor featuring a casing treatment with inlet
recirculation was studied using pressure measurements (mean and dynamic) at several locations
and by measuring the flow velocity at the inlet (using planar PIV) in addition to the classic
instrumentation for performance calculation. To assess the effect of the casing treatment, data
were acquired with the recirculation slot open (OS case) or blocked (CS case) allowing a direct
comparison between the two cases.
Using various surge criteria, it was seen that the position of the surge line on the compressor
map is not only dependent on the compressor system layout, but also significantly depends on its
definition and the threshold value chosen on the instabilities at low MFR. However, this parameter
is often missing in studies on map width enhancement, which makes it very challenging to compare
surge line enhancement results. Hence, for the compressor housing without the machined slot, using
the standard deviation on the outlet pressure as definition, the instability levels grow progressively
when the MFR is reduced in the vicinity of the surge limit. Hence, the latter is very dependent on
the value chosen as boundary. Also, considering shorter time intervals to determine the compressor
stability changed the surge limit for the CS case as random surge-like oscillation occur unlike for
the OS case.
Two flow patterns were observed at the inlet depending on the MFR for the CS case: at high
MFR, the flow enters smoothly, at low MFR, there is reverse flow on the shroud wall from the
inducer. The change in flow behavior corresponds to the switch in static gauge pressure measured
on the inlet wall from negative to positive and to the camel back shape on the speed lines. The
reverse flow has a very strong tangential velocity component as it comes from the wheel and extends
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further upstream as the MFR is reduced.
Opening the slot strongly reduces the tip back flow occurrence in the main passage. Instead,
the flow is recirculated through the slot and the channels and mixed upstream into the incoming
flow. The overall stability of the compressor is improved at low MFR at all PR and therefore the
surge limit based on a given value of the standard deviation.
Although the compressor with the recirculation slot is more stable and has a slightly higher
PR at low MFR, it has a lower efficiency than the CS case, more significantly near the surge line.
With the PIV at the inlet and pressure measurements in the channels, it was seen that the flow
exiting the cavities at low MFR is highly non uniform. The shape of the supporting ribs creates
high velocity jets on the pressure side of each rib, while on the suction side of the rib, the flow has
either negligible velocity for MFR in the middle of the range, or enters into the cavities near the
surge line. Some back flow was also observed in the main passage at the circumferential locations
of these jets. The negative impact on the efficiency was partially linked to the rib shape, the case
with straight ribs near the slot has the higher loss. The flow recirculating through the slot has a
strong tangential velocity component and impinges on the ribs creating secondary vortices within
the channels inducing losses.
The loss of efficiency with the OS case can be significantly reduced by carefully designing
the recirculation channels and ribs. For example, matching the rib shape to the angle of the
flow recirculating through the slot weakens the impingement and the associated losses. Using
the recirculated flow to induce a counter-swirl in the inlet flow improved the surge limit. Also,
reinjecting the recirculated flow near the leading edge of the wheel with holes increased the surge
limit at low speeds but did not work at high speed probably due to the blockage created by the
reduction of section.
The tongue region is the element limiting the overall stability of the compressor at low MFR:
along the surge line, the pressure gradient relative to the outlet pressure is nearly constant for the
OS case. When the compressor operates close to this limit, dynamic variations in the pressure at
the volute discharge can trigger deep surge oscillations. This is how the surge limit for the OS case
is improved. Indeed, for the CS case, the flow unsteadiness due to the tip back flow in the CS case
210
is responsible for the instability increase at the inducer and at the compressor outlet as the flow
irregularities are carried downstream through the compressor. Then the increase in the instability
at the discharge excites the resonance frequencies in the outlet which in turn destabilize the tongue
region, thus impacting the surge limit.
The destabilization of the tongue region results in pressure waves released from the tongue
and convected around the volute. Hence, these pressure waves propagate circumferentially but are
different in nature from rotating stall. Indeed, even if the effect is present upstream up to the inlet,
the frequency of the phenomenon does not match with its propagation speed.
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Appendix A
Repeatability of the Measured Planar
Velocity between Set-ups
Figure A.1 shows a comparison of the flow fields measured on P2 at 64 krpm for three MFRs for
the case when a bell mouth and when a pipe is mounted at the compressor inlet. From these, it
can be seen that the flow patterns are only slightly altered when a pipe is mounted at the inlet.
The four jets are present with similar intensity and at the same locations. In the case of the pipe,
the back flow from the jets occupies a larger area as it is contained by the walls.
In figures A.2 through A.5, the comparison of the radial and tangential velocities are compared
along several radii at 64 krpm for the CS case at two MFRs (high and low) for the 2D2C and 2D3C
set-ups (set-ups C1 and C2 in part 3.7.4). In the common area and considering the measurement
error, the velocities match reasonably well for the two sets.
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Figure A.1: Comparison between velocity fields on P2 at 64 krpm with a bell mouth (left) and
with a pipe (right) mounted at the compressor inlet. From top to bottom, the operating
conditions are at 239, 119 and 69 g/s.
222
Figure A.2: Comparison between the radial velocity in the measured flow fields with the one and
two camera(s) set-ups (C1 and C2) at 64 krpm and MFR=281 g/s.
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Figure A.3: Comparison between the tangential velocity in the measured flow fields with the one
and two camera(s) set-ups (C1 and C2) at 64 krpm and MFR=281 g/s.
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Figure A.4: Comparison between the radial velocity in the measured flow fields with the one and
two camera(s) set-ups (C1 and C2) at 64 krpm and MFR=77 g/s.
225
Figure A.5: Comparison between the tangential velocity in the measured flow fields with the one
and two camera(s) set-ups (C1 and C2) at 64 krpm and MFR=77 g/s.
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Appendix B
2D Drawings
In the following pages, the technical drawings are given for the parts used for the pressure measure-
ments on the compressor backplate (mean static pressure with pressure taps and dynamic pressure
with Kulite pressure transducers), the polycarbonate transparent inlet used in the PIV measure-
ments, and the parts for the different inlet configurations (various rib shapes and holes in the inner
shroud with several injection angles).
The drawings of the turbocharger rig and other mounting parts are available in Guillou’s PhD
dissertation [19].
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